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A discussion 
on 

The protein molecule 

17 November 103S 
0|H!ning Address 
By Pkokkssor T. Svkdbkro 

The proposal of the subject for this discussion is in itself a remarkable 
thing and a symbol of the spirit of this meeting. A few years ago tlio proposal 
would have looked preposterous. TVoteins were known as a mysterious sort 
of colloids, the molecules of which eluded our search. What is it then that 
has happened in these years I Why is the most distinguished scientific society 
of this country inviting a discussion on tlie protein molecule ? 

The brilliant work on inorganic cfilloids, especially on gold sols, by 
Zsigmondy and others had sliown that the mass of the particles of these 
colloids changed continually with tlie conditions of their formation. The 
particles had no individuality from the quantum point of view — therefore 
they were not molecules although they obeyed the same laws of thermal 
motion as the molecules. Now the proteins behaved in many respects like 
inorganic colloi<ls, were hold back by membranes, diffused very slowly, etc., 
and one therefore concluded that the protein particles wore not molecules. 
Another line of thought led to the same conclusion. In spite of all their 
(‘ftbrts and the wonderful achievements in other fields the organic chemists 
were not able to synthesize molecules of a mass approaching — even m a 
modest way — that of the protein particle. Giant molecules, therefore, were 
supposed not to exist — only clusters of ordinary small molecules forming 
particles of undefined mass. 

To-day we have, I think, definite proof that this view is wrong. Investi- 
gations along different lines have given tlie result that tlie proteins are built 
up of particles possessing the hall-mark of individuality and therefore are in 
reality giant molecules. We have reason to believe that the particles in 
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protein solutionB and protein crystals are built up according to a plan which 
makes every atom indispensable for the comj)letion of the structure. The 
removal of even a single atom means loss of individuality. This is perhaps 
best seen in the case of proteins containing a prosthetic group. The removal 
of one atom of iron from cy tochrom causes a profound change in the molecule. 
Protein reactions are therefore elementary acts which must of necessity 
obey the laws of quantum mechanics. 

The evidence for the molecular nature of protein particles and information 
concerning the mass, shai>e, structure and chemical properties of the protein 
molecule has been gained through the application of the following experi- 
mental procedures: ultracentrifugal sedimentation, diffusion, osmotic pres- 
sure, electrophoresis, X-ray analysis, viscosity, orientation in electric and 
magnetic fields, stream double refraction, surface films, Tyndall effect, 
enzymatic and hydrolytic decomposition, kinetics, mutation in viruses and 
genes. 

Among those different modes of attack ultracentrifugal sedimentation 
and X-ray analysis have perhaps given the most direct proofs of the existence 
of the protein molecule, such methods of investigation as diffusion, viscosity 
and stream double refraction have taught us much about the shape of 
protein molecules, while electrophoresis and decomposition experiments 
have helped us to collect invaluable information concerning their chemical 
I)roperties. The X-ray (and possibly the electron-ray) analysis will ultimately 
give us a complete picture of the architecsture of the protein molecule as it 
exists in crystals. Recent findings seem to indicate that a study of the 
changes or mutations taking place in giant protein molecules such as we 
believe are the essence of viruses and the genes of the chromosomes might 
help us to understand the mode of reproduction or synthesis of the protein 
molecule. 

Tn ultracentrifugal sedimentation (Svedberg 1925, 1926, 1927, 1938) we 
measure either the rate of fall of the protein molecule or the equilibrium 
between fall and diffusion. Especially in the former case a sort of mass 
analysis is possible. If the solution studied contains a single molecular 
species or a few kinds of well-defined molecules a diagram showing corre- 
sponding discontinuities is obtained. An equilibrium determination on a 
solution containing only one molecular species gives directly the molecular 
weight, but in the case of a mixture this method is less efficient. Sedimenta- 
tion velocity measurements must be supplemented by diffusion determina- 
tions in order to give molecular weights. 

If we define as sedimentation constant s the rate of settling in unit 
centrifugal field and reduced to water of 20 "^ C as solvent we have for the 
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molecular weight from sedimentation and diffusion (Svedberg 1925, 
1927) 




RTs _ 

b\i-vpy 


( 1 ) 


where R is the gas constant, T the absolute temperature, D the diffusion 
constant, V the partial specific volume of the solute, and p the density of the 
solution. 

Molecular weight from equilibrium data is given by the expression 
(Svedberg 1925, 1926) 


« 2RTln (CilCi) 


( 2 ) 


where niean the eoncentrations at distances and from the 

axis of rotation and <o the angular velocity. 

In order to ensure sedimentation and diffusion undisturbed by interaction 
between molecules the concentration of the solute has to be low. It is 
further necessary to compensate electrical forces (the Donnan effect) by 
the addition of a low molecular electrolyte (Tiselius 1926, 1932). 

The combination of sedimentation and diffusion data means explicit 
elimination of the frictional constarit which is done implicitly in the equili- 
brium measurements. One might ask whether we are justified in assuming 
the frictional constant to be the same in sedimentation and diffusion. From 
a theoretical point of view there is no reason for a difference as long as there 
is no orientation caused by the sedimentation. In the cases so far studied 
the rate of fall is so small that any tendency to orientation is completely 
compensated by the thermal motion (Perrin 1934, 1936). If the centrifugal 
force varies rapidly per unit of length, as is the case near the axis of rotation, 
one might expect a certain degree of orientation if the molecules are very 
elongated. On the other hand, the centrifugal force is low near the axis. 
For orientation experiments of this kind a very small rotor iiinning at 
extremely high speed would be best. 

The values of specific volume used are based on d ry -weight determinations, 
and the molecular weights accordingly refer to the mass of the molecule 
without water. Hydration has no influence on the molecular weight values 
as long as the density of the hydration and adsorption shell around the 
molecule does not differ from the density of the solution. Even in case of 
such a difference the error in the molecular weight is very small provided 
the protein and salt concentration is low (Lansing and Kraemer 1936; 
Adair and Adair 1936). Needless to say the molecular weight values obtained 
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by this method are independent of the shape of the molecule and of the 
validity of Stoke’s law. 

Tho molar frictional constant may be calculated from the sedimentation 
constant a and the equilibrium molecular weight Mg or from the difiusion 
constant by moans of the equations (Svedberg 1927) 


^ Mg(\-Vp) 

J*~ i. * 



( 3 ) 


Ex()orience has shown /, to bo equal to f,i. 

For a spherical molecule of the same mass the frictional constant is 


/o = dntiN 



( 6 ) 


whore ^ is the viscosity of the solvent and N the Avogadro constant. 

For a non-solvated spherical particle the ox])ori mentally determined 
frictional constant /should Ije equal to/o. Deviations of the frictional ratio 
///o from unity may therefore be taken as a measure of the deviation frotn 
tho spherical shaj^ie or of hydration or both (Svedberg and Sjogren 1929). 
If we have reason to believe that there is no solvation and that tho dis- 
syranietry of the molecule is roughly that of a stretched ellipsoid of rotation 
tho axiid ratio a/6 may be calculated by means of the equation (Gans 1928; 
I’errin 1934, 1936; Herxog, lllig and Kudar 1934) 



(o*/6a)t 

(1 


l_(i_a 2 / 62 )* 


)• 


(«) 


From ajb and tlie known volume one finds tho dimensions of the molecule. 

As an example of sedimentation analysis fig. 1 gives tho sedimentation 
diagram of Limnlus haemocyanin showing the presence of four homogeneous 
main components. An equilibrium measurement is exemplified in fig. 2, 
which demonstrates the molecular homogeneity of phycocrythrin. 

Analysis by means of sedimentation velocity measurements has proved 
that solutions of the native easily soluble i)rotein8 are either munodisperse or 
paueidisperse, i.e. they contain either a single or a few nM)lecular s[)ecies 
well defined with regard to mass and shape. Similar although leas stringent 
conclusions can bo drawn from sedimentation equilibrium and diffusion 
measurements. Those proteins, on tho other hand, which occur as more or 
less solid deposits in the organism and are not easily brought into solution — 
such as keratin, fibroin, myosin — do not form definite molecules. 
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The application of this technique has further shown that protein molecules 
are often reversibly dissociated or associated by the action of very mild 
agents such as change of jirotein concentration, change of salt concentration, 
change of pH, addition of amino compounds. The products of these reactions 



60 70 

X If) CIT) 


Kk!. 1. S<»<limt‘!italioii iliagram for hhmihui haeinofiyanin obtained by the refractive 
index method at pll 0*8, showing tlw four mam conipononts and also a small amount 
of a liftli. (Vntrifugal force 120,000 tunes gravity. Time after TOOclung full speed 
35 mill. (Podorsen.) 



5W SSO 5^ 540 s-wcfi 

Flo. 2. Relation botwc'on molecular weight and distance from centre of rotation for 
phycoorythriii (3/ = 290,000) at pH 6*8. (Krikssoii-Qucnsel.) 

have molecular weights connected by a law of simple multiples. The first 
step in dissociation is mostly a splitting into halves, the first stage in asso- 
ciation the doubling of the mass. Thus haemoglobin is split into halves when 
diluted (Pederson and Anderson, unpubl.) and upon addition of urea (Slein- 
hardt 1938). Serum albumin is sjilit into fragments probably one-eighth 
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of the normal molecule by the action of clupein (Pedersen 1936a, b, 1937, 
1938) (fig. 3 ). If the jdH of a if elia;jt>oma<»ahaemocyanin solution is gradually 
brought from the isoelectric point into more and more alkaline regions the 
molecules are first si>lit into halves, then into eighths, then into sixteenths 
(Eriksson-Quensel and Svedberg 1936). Human serum globulin undergoes 
dissociation and association according to tlie concentrations of salt and 
proteins jiresent (Pedersen, unpubl.; McFarlane 1935). In most cases the 
reaction is reversible. 

A third result of ultracentrifugal and diffusion investigations is the finding 
of a rule of simple multiples for the molecular weights of the proteins. Xot 



Fig. f). Sodunoiitation diagram of soriuii albuinia 
in 2*6% clupi'in solution. (Poderueii.) 

only nearly related siibstances suiih as the red blood pigments obey the rule, 
but the masses of most proteins, even those of widely different origin, show 
similar regularities (Table 1). If we choose 17,000 as the unit the majority 
of the proteins may be divided into eleven classes with molecular weights 
which are multiples of this unit by factors containing powers of 2 and 3 . 
The rule is only approximate, indicating that the underlying principle, 
which probably means a similarity in the architecture of all proteins, is 
obscured by some secondary factor. If the proteins are built up of amino- 
acid residues according to a common plan the differences in percentage of the 
amino acids of different molecular weight might bo regarded as this 
obscuring factor. 

Osmotic measurements may bo used for the calculation of molecular 
weights of proteins (Sorensen 1915 - 17 ). The method being in principle a 
counting of the number of molecules in a known amount of material only ' 
mean values of molecular weight are obtained. With increasing molecular 
weight the accuracy diminishes because of the smallness of the pressures 
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fa = sedimentation oonitont in units of I 0 -” reduced to miter at SO'' C. 

= difhuion oonstant in unite of 10 -’ reduced to water at Stf* C. 

M, = molecular wei^t computed from sedimentation equilibrium measurement*. 

ilfcslc. = molecular weight calculated from the rule rf ^ple multiides. ^ ^ herical '1 f h 

iujipH, = slope of mobility curve in the vicinity of the isoelectric point. 
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3,380,000=102x 17,600 

1-8 

Tm 

Te"' 

Pedereen (1933); Bvedbeig and Eriksson-Quensel (1933) 

66-2 


— 

— 





Eriksson-Quensel (unpubl.) 

88-2 

1-88 

3,316,000 



1-4 



Eriksson-Quensel and Svedberg (1936); Poison (unpubl.) 

80-9 

1-81 

3,140,000 

2,948,000 


1-2 

6-28 

12-6 

Pedorsen (unpubl.); Poison (unpubl.); Svedberg and Eriksson-Quonael (1933) 

98-9 ' 

' 138 

oieib.ooo” 

6,880,000 

8,780,000 = 384x17,600 

1-2 

6-08 

8-1 

Eriksson-Quensel and Svedberg (1936); Polaon (unpubl.); Tiseliua (1930) 

101-7 

— 



— 


1-2 

4-49 

I0-7 

Erikaaon-Quenael and Svedberg (1936); Pedereen (unpubl.) 

T»t~ 

- 

- 

- 


1-2 

4-40 

10-7 

Erikscon-QiMDScI and Svedberg (1936); Pedereen (unpubl.) 
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observed. Donnan effects have to be corrected for or eliminated by the 
addition of salt. Theory and experimental technique were worked out by 
Adair (iqsS, 1935), and a number of reliable values have been obtained by 
him (Adair 1925, 1938; Adair and liobinson 1930; Adair and Roche 1934). 

From measurements of the migration of protein molecules in an electric 
field — electrophoresis (Svedberg and Tisolius 1926; liselius 1930) — we 
cannot, by elimination of the frictional constafit, arrive at values for the 
electric charge. Electrophoresis data are, however, of great importance for 
the characterization of the proteins. The position of the isoelectric point 
and the slope of the mobility curve reflect to a certain degree the composition 
of the molecule and may servo as an index of its chemistry (Table I). Slight 
changes in the structure not revealed by a mass analysis (ultracentrifugal 
sedimentation) will show up in electroj^horesis. A greatly improved tech- 
nique (Tisolius 1937ft) recently made possible important investigations 
in this field. 

Among the results of electrophoretic measurements the demonstration 
of species differentiation in blood pigments of identical molecular weight 
may bo mentioned. Thus the isoelectric points of the hacmocyanins of 
Helix pormtia and //. nemoralis with the same molecular weight, 6,700,000, 
are 6‘05 and 4-63 (Pederson 1933). Electrophoretic determinations have 
made it possible to prove intercornbination of the dissociation products when 
solutions of these two haeniocyanins are mixed at a pH. where they are split 
and then brought to a pH low enough to cause recombination (Tiselius and 
Horsfall 1939). 

The application of the new electrophoresis technique to the study of 
serum proteins has yielded important results (Tiselius I937tt). Thus in 
normal mammalian serum three electrochemieally well-defined globulins 
now called a, and y wore found. These proteins have approximately the 
same molecular weight in dilute solution but quite different electrochemical 
properties, e.g. the isoelectric |)oint of globulin y is at pH fid) instead of 5* 1 , 
as for the a and fi components. In addition the mobilities are quite different, 
especially in the alkaline region. A separation by means of electrophoresis 
is therefore comparatively easy. The study of immune sera has shown that 
the antibody activity is in some cases connected wdth the y-component, 
while there sometimes appears a new component as the carrier of the activity 
(Tiselius 1937a, 1937c; Tiselius and Kabat 1938). This proves the high 
sensitivity of electrochemical behaviour to changes in molecular structure. 

X-ray analysis of protein crystals and semi-solid protein deposits in 
living organisms has yielded results of the highest importance for the 
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elucidation of the structure of the protein molecule. Investigations by the two 
British schools (Bernal and others 1938; Crowfoot 1938; Astbury 1938) have 
sliown that the proteins may bo divided into two classes, globular proteins 
and fibrous proteins. In the latter case the structure i^ that of a polypeptide 
chain grid, while in tlio former case a multiple folding obtains resulting in a 
high degree of symmetry of crystals of globular proteins. Denaturation of 
this tyiKj of proteins would (jorrespond to an unfolding and accordingly to 
the appearance of less folded polype[>ti<le chains. A more detailed study 
has brought to light certain facts, siu*h as the existence of long spaciings in 
the structure of the fibrous proteins, tending to make the dividing line 
between the two groups less distinct. Astbury seems to be of the opinion 



Fiu. 4. Klect rophorotic (iiHgraiiiH of unaliHorbcMj (A ) and abHorbod (/if) antipnounio- 
cocc\w horse Bi*ruin. (TwehuH.) 

that after all there may be macro-molecules even in the [>rotein fibre 
(Astbury 1937). 

Molecular weights of globular proteins calculated from X-ray data agree 
very well wdlli the values obtained from ultracentrifugal determinations. 
Thus the Bernal school found for pepsin, insulin, lactuglobulin and haemo- 
gh>bin the values 40 , 000 , 37 , 200 , 3 (),.'> 00 , 09,000 respectively, while the 
ultracentrifuge gives 37 , 000 , 38 , 000 , 39,000 and 68,000 res[)ectively (Bernal 
and Crowfoot 1934; Bernal and others 1938; Crowfoot 1935, 1938). X-ray 
analysis proves the molecular homogeneity of the globular proteins in the 
crystals. An interesting result is the high degree of symmetry displayed 
by the protein lattice. Haemoglobin has a facie-ceritred pseudo-hexagonal 
elementary cell and the tobacco seed globulin a face-centred psoudo-cubic 
cell (Bernal and others 1938). Tlie length of the haemoglobin molecule in 
wet crystals is estimated to 109 A and tlie breadth to 32 A. The frictional 
ratio ///o as determinoil by means of ultracentrifugal sedimentation and 
diffusion is 1'2, Under the assumption of an ellipsoidal shape we get for the 
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axial ratio of the dehydrated molecule 0 *27, while the X-ray data require 
about 0 *29, 

An interesting attempt to construct a three-dimensional model of the 
protein molecule out of a few assumptions and purely geometrical reasoning 
has been done by T)r Dorothy Wrinch, Oxford (1937a, 1938). A certain 
transfer of bonds is assumed, resulting in plane triangular groups which can 
bo linked together to a more or less complicated “cyolol” pattern. It is 
further shown by Miss Wrinoli that there exist certain polyhedrons on the 
surface of which a ‘ ‘ cy (slol ’ * network can be drawn. The truncated tetrahedron 
seems the jnost likely type. A closed “cyclol” network can be fitted on its 
surface fulfilling the (condition that the faces form the tetrahedral angle at 
the edges where the ‘‘cyclol” network crosses over. A linear series of such 
tetrahedron networks comprising 72, 288, 72 w® amino-acid residues may 
possibly represent the different molecular weight classes of the proteins. 
I’lie cyclol with 288 amino-acid residues has been studied in detail (Wrinch 
19376; Langmuir and Wrinch 1938) and its properties compared with the 
known properties of insulin — a protein investigated both by means of 
chemical analysis, X-rays and ultraoontrifugal sedimentation. 

Viscosity measurements may be used for the estimation of the dimensions 
of protein molecules. The theories which have been developed for the de- 
scription of viscosity in terms of molecular dissymmetry are, however, not 
very clear and certain assumptions have to bo made. For rod-shaped mole- 
cules Kuhn (1932) has proiiosed the relationship 


Vzlo 

Vo 




( 7 ) 


where t/q is the viscosity of the solvent, O is the volume of solute per c.c. and 
6/a is the ratio of the long to short axis of the moloculo. According to rc(!cnt 
deductions by Burgers (1938) we have for an elongated ellipsoid of rotation 


= Gk, (8) 

Vo 

where is a certain function of the axial ratio of tlio molecule. 

Poison (1936) has studied the relation between viscosity and axial ratio 
for various proteins using axial ratios calculated from values of ///q according 
to equation (6). It was found that the empirical formula 

= 40 tf + 0 - 098 «(-)*, ( 9 ) 

Vo \»/ 


describes the behaviour of all the proteins so far investigated. This shows 
that the relationship between viscosity and molecular shape is about the 
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balance method to proteins by E. Gortor (1937) and collaborators (Philippi 
1936) and by Rideal (Hughes and Ridcal 1932; ydiulman and Rideal 1933; 
Mitchell 1937) gave results which at first appeared difficult to interjiret and 
seemed to bo in confli(!t with the findings of the ultracentrifugal and X-ray 
technique. The chief difficulty was the low values for the thickness of the 
films found which indicated cither smaller molecular diameters —admitting 
globular shape — or very asymmetrical molecules. Neither of those possi- 
bilities are compatible with the state of protein molecules in solutions. After 
Langmuir, Schaefer and WriiKjh (1937) had shown that such films could be 
transfeiTed to solid surfaces and that piles of monolayers could be built up 
capable of being handled as ordinary membranes, results of importance for 
the understanding of the structure of the protein molecule were arrived at. 
Astbury and co-workers (1938) have made X-ray studies of these protein 
membranes and have been able to measure directly tlm thickness of bundles 
of a known number of monolayers. For egg albumin a value of 9-10 A was 
found in agreement with X-ray values for the side-chain spacmg of fibrous 
proteins. The diameter of tlie egg-albumin molecule being of the order of 
40 A it is certain, therefore, that the protein molecule is deformed or even 
denatured to a considerable degree in surface films. 

The most promising method for tlie elucidation of molecular shape based 
on optical measurements of orientation is the study of stream double 
refraction. Work by Boeder (1932), Kuhn (1933) and Haller (1932) has 
clarified the theoretical side of the problem. The experimental investigations 
are just beginning to give results. Von Muralt and Edsall (1930) studied 
myosin, and Boehm and Signer (1931) ovalbumin, fnyogen, gelatin, myosin 
and ovoglobulin. Tlie measurements indicate thread-like molecules in the 
case of myosin and ovoglobulin arul practically spherical molecules for egg 
albumin and myogen. Recent determinations in Upsala by Snellman and 
Bjornst&hl liavo shown that in certain antibodies the molecules are very 
elongated (Snellman and Bjornst&hl, unpubl.). 

Studies of the action of enzymes on proteins may serve as a moans for 
getting information about the structure of the protein molecule. Ultra- 
centrifugal and electrophoresis measurements on the cleavage i)roduct8 
scorn of special interest. Among the attempts made (Annetts 1936; Tiselius, 
unpubl.) those of Tiselius concerning the action of pepsin on egg albumin 
merit attention. Using his new olectropliorosis method he found that the 
decomposition product has a much lower mobility than the unchanged 
protein (fig. 5 ). Ultracentrifugal sedimentation determinations showed that 
the molecular weight is low. of the order of peptides. 

Speculations on the constitution of the protein molecule based upon the 
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amino-acid composition have recently been brought into the focus of interest 
byBerginann andNiemann(i937a,6). (Complete knowledge of the contentof 
the various amino acids is not available, but from the data collected through 
cheTnical analysis of the products of incomplete hydrolysis certain conclu- 
sions may be drawn. Following up an idea first expressed by Astbury (1934), 
Bergmann and Niemann postulate a general law which expresses the 
constitution of the proteins as a function of the “ frequencies ” of the various 



Fi(*. 5. KU'ctrophorrticj (lia)vratYis of unchanged egg albumin (upper pictures) and 
egg albiiiiiin acted upon by j^epsin (lower pictures). (Tiseluis.) 

amino acids. Each atnino-acid residue is supposed to occur at regular 
intervals in the polypeptide chain. The one with the highest frequency 
or low'est absolute number N,, according to the expression 

= ( 13 ) 

where is the total number of amino-acid residues, determines the 
minimum molecular weight. The frequency values i\ declxiced by Bergmann 
and Niemann from the analytical data available are very nearly multi{des 
of powers of 2 and 3 , and so are the N^, The molecular weights deduced by 
Bergmann and Niemann agree very well wdth those found by means of 
ultracentrifugal sedimentation. The classification of the proteins according 
to molecular weight attempted on the basis of ultracentrifugal data may 
be explained by the law postulated by Bergmann and Niemann. 
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In emphasizing the importance of the generalizations just discussed, 
especially as a stimulus for further research, one should not overlook certain 
serious difficulties. As pointed out by Astbury (1937), the frequencies 
calculated by J^ergmann and Niemann would in many cases require that one 
and the same place in the ])olyi)eptide chain be occupied by two or more 
different amino-acid residues. Furthermore, the scheme is not easily 
compatible with the general structure of proteins established by X-ray 
measurements. The analytical data available at present, especially those 
relating to the amino acids of low percentage, are rather uncertain. Now 
and therefore the molecular weight depends on tlio knowledge of the content 
of these rarer acids. As an example the deductions by Bergmann and 
Niemann concerning haemoglobin may be mentioned. Here from the 
cystein content, 0-6 %, they calculate = 3 for this amino acid and find 
the total number of residues in the molecule to be 576. Their molecular 
weight value is 09,000, in excellent agreement with ultracentrifugal and 
osmotic values. Now the ultracentrifugal investigations have shown that 
haemoglobin can split reversibly into half molecules and that the two 
halves are i)robably equal (Steinhardt 1938), X-ray measurements indi(;ato 
the same (Bernal and others 1938; Crowfoot 1938). Bergmann and Niemann 
ought therefore to have found a minimum weight of about 34,500 instead 
of 69,000 for haemoglobin. 

The study of chemical reactions in protein solutions by means of physico- 
chemical methods will probably yield valuable information concerning the 
stnjcture of the })rutein molecule. The exceptionally rapid increase of reaction 
velocity (denaturation) with temperature and with change in pH which is 
characteristic of the proteins lias been a great puzzle. Activation energies, 
calculated from temperature coefficients in the usual way, give abnormally 
high values. A promising attack on the problem has recently been made by 
Steinhardt (1937), who studied in detail the pll and temperature inactivation 
of pepsin. From his measurements he concludes that the rate of reaction 
depends on the concentration of one particular kind of po()sin ion, and that 
the amount of this ion varies raj)idly with pH and with tomporaturo. Taking 
this into account ho arrives at reasonable activation energies. The very rapid 
increase of ions of the sensitive type with pH explains the sharp pH stability 
limits found for the proteins by means of ultracentrifugal and diffusion 
measurements. 

The mechanism of protein synthesis is practically unknown. Recently 
some interesting indications as to the mode of reproduction of a certain 
protein have been observed in the field of viruses and genes (Bergmann and 
Niemann 19376; Gulick 1938; Jordan 1938; Stanley 1938). The fact that 
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several viruses are now obtained in crystalline form and shown to possess all 
the properties of proteins of very high molecular weight makes it almost 
certain that they are to be regarded as protein molecules and not as living 
beings (Bawden and Pirie 1938; McFarlane and Kekwick 1938; Stanley 
1938). On the other hand, the viruses propagate only in living tissues, and it 
has been suggested that the multiplication is due to an act of autocatalysis, 
a sort of enzymatic reaction where the virus molecule acts as its own enzyme. 
The spontaneous mutations observed in plant viruses are thought to be the 
result of the multiplication of low percentage by-products from the protein 
synthesis. A number of facts point in tlie direction of the genes being large 
individual protein molecules. The propagation of the gene is according to 
this view regarded as an autocatalysis as in the case of the viruses. The 
mutations caused by radiation would mean that the gene molecule has been 
clianged by the absorption of a quantum and that this change is being 
reproduced autocatalytically. 

Tn the above survey 1 have aimed at showing what means are used at 
present and might with success be used in the near future for the study of the 
protein molecule. I have also tried to give a summary of our present know- 
ledge of its main properties. We have still a long way to go before reaching 
our goal — the complete elucidation of the architecture of the protein 
molecule. But looking back on the stretch already traversed we may feel 
justified in stating that the application of physico-chemical methods to the 
protein problem has already given iis much valuable information. The vague 
term “colloid” for a protein has been replaced by precise information 
concerning the mass and electrochemical behaviour and in certain cases 
even of the shape and structure of the protein particles in solutions and 
crystals. These entities appear so ^vell defined that we really feel justified in 
denoting them as protein molecules. 
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Dr K. LiKDERSTB|i$M-LANa. OMular poteina and poteolytic enzymes. 

Genuine globular proteins are slowly attacked by crystalline trypsin 
under conditions (pH, temperature) where the proteins are stable in the 
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absence of trypsin. On the other hand, crystalline trypsin is able to split 
synthetic peptides. The deduction from this that peptide bonds are 
present in genuine globular proteins would lose its validity in the follow- 
ing case. 

If, according to Anson and Mirsky, denaturalion is reversible, then in a 
solution of a given globular protein there is an equilibrium between genuine 
and denatured protein, 

Hence it is sufficient that D and only D should contain peptide bonds ojjeii 
to fission by trypsin, because by removal of D by hydrolysis this process is 
forced in the direction from left to riglit and G will gradually disappear as 
well. The problem is open ex|)erimental test in the following way. 

When the protein is hydrolysed with so much trypsin that the rate of the 
above process be(;onies the limiting factor in the total reaction, then wo must 
expect the temperature <!oefficient for the liydrolysis to a])proach tliat of 
the reversible denaturation, which is presumably very high. 

If a protein solution is heated for a short time to a temperature at which 
the process is {>roceeding rai)idly and com}>letely from left to right and then 
quickly cooled down to a tefnperature where it is a slow process, a protein 
solution is obtained which contains initially more D than corresponds to the 
equilibrium at that (low) temperauro. Hence wo may expect to find a more 
normal (that is, a lower) temperature coefficient for the hydrolysis of the 
protein inthissolution. Upon standing, theequilibrium will slowly be reached 
and the temperature coefficient of the hydrolysis by much trypsin will tend 
to rise correspondingly. 

Some preliminary experiments have shown this and seem to provide 
sufficient basis for giving a warning against the conclusion that genuine 
proteins contain peptide bonds because they are split by proteinases like 
trypsin. They give a ccitairi indication that peptide bonds are formed or 
“appear” (like SH-groups) upon denaturation, but they are not conclusive 
enough to decide whether or not some hyd roly sable peptide bonds are 
preformed in the molecules of the genuine globular proteins. 


G. S. A DATE, The size and charge of protein molecules, 

Svedberg and Eriksson-Quonsel (1935- 6) have shown that the observed 
values of the rates of sedimentation and diffusion of proteins are lower than 
the values calculated for anhydrous spherical molecules. This reduction is 
usually attributed to deviations from the spherical form. An alternative 
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hypothesis, that in certain cases, including albumin and haemoglobin, the 
size of the molecules is increased by hydration, is supported by the calcu- 
lations recorded in Table I. 




Table I 


Minimum 

Maximum 


Mol. wt 

Mol. wt. 

Crystal 

radius 

radius 

Proteins 

anhydrous 

hydrate 

density 

crystal 

diffusion 

Egg albumin 

43,800 

58,000 

1-239 

26-4 

27-6 

Serum albumin 

72,000 

96,750 

1-237 

31*4 

33-1 

Haemoglobin 

67,000 

90.050 

1-225 

30-7 

30-9 


The third column gives the molecular weights of the ]jrotcinH, including 
the water of hydration calculated from measurements of the densities of 
protein crystals when siispemlod in concentrated sodium phosphate 
mixtures (Adair and Adair 1936). The fifth column gives the radius of the 
molecules in Angstrom units, calculate<l from the molecuilar weight and 
derisity of the hydrate. Those figures represent the minimum values, 
because it is possible that, in addition to water, the protein may take up a 
certain amount of the dispersion medium, and it is not unlikely that the 
liydration of the protein is greater in dilute than in concentrated salt 
solutions. 

The sixth column gives the maximum value of the radius calculated 
from the measurements of diffusion made by Lamm and Poison (1936) on 
the assumption that the molecule is spherical. Tt will bo seen that the 
agreement between the minimum and the maximum values is fairly close. 

The important development of methods for the cataplioresis of proteins, 
due to Tiselius (1937) has rendered it possible to correlate the mobilities 
of protein ions with their electru; charges, calculated from membrane 
potentials (Adair and Adair 1934). Both methods show that in the 
presence of increasing concentrations of phosphate ions, the isoelectric 
point of haemoglobin moves towards the acid side. 
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Dr K. O. Pedersen, Interaction of proteins in solution. 

According to ultracentrifuge experiments the “globular” proteins often 
exhibit association and dissociation reactions when the pH of the solution 
is changed (Svedberg and co-workers), the salt concentration is altered 
(Lundgren, Pederson) or a protein of lower molecular weight is added 
(Pedersen 1938). In the last typo of reaction the chemical nature of the 
interacting proteins seems to be important. 8omo proteins give rise to a 
large effect, others only to a small one. The amount of dissociation products 
increases with increasing concentration of the low molecular protein. If 
such a solution, showing a large effect, is diluted, the normal size molecules 
are re-formed. It is possible, however, by means of the ultracentrifuge 
separation cell, to demonstrate the presence of the dissociation products and 
to isolate these in the upper compartment of the separation cell. These 
products may also be kept in dilute solutions. In some cases it is, however, 
necessary to add only a small amount of the material from the lower 
compartment in order to get the normal molecules formed. The lower 
compartment probably (lontains either some substance which is necessary 
for the construction of the normal molecules or some molecules which act 
as a pattern for the production of the large molecule. 

For the protein molecules which exhibit interaction phenomena and 
whose molecular weights fit into the Svedberg system of multiples the 
following working hy|>othesis was sketched. These protein molecules have 
a primary and a secondary structure. The j^rimary structure is the 
polypeptide chain which may perhaps be anunged in cyclol cages ( Wrinch) 
or in some other “unit” which form the bricks of the building. The bricks 
are kept together by means of a non-protein cement which plays a funda- 
mental role in the interaction phenomena. In some of the proteins the 
bindings are made by means of carbohydrates, in others by phosphatides 
(perhaps through salt-linkages) or by nucleic acids. These substances are 
responsible for the secondary structure of the protein molecules. Many 
such substances may, however, be adsorbed on a protein molecule without 
having anything to do with the construction of the molecule. They may be 
removed without seriously changing the stru(iture of the protein molecule. 
Often these adsorbed low molecular substances may, however, act as a 
plaster and protect the cement and the bricks from being destroyed. 
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F, J. PmLPOT AND J. St L. Philpot (with technical assistance by E. 

DoDWKix). The effect on calcium on the sedimentation constant of casein. 

In attempting to precipitate casein from milk we found that its salting- 
out properties were markedly altered when the calcium was removed by 
oxalate. We therefore examined oxalated milk in the ultracontrifugo and 
found that the casein formed a perfectly homogeneous component of 
sedimentation constant 6. In view of Pedersen’s finding (1936) that in milk 
dialysed against phosphate buffer the casein had sedimentation constants of 
10 and upwards, although Svedberg and others (1930) had previously found 
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6 for acid-precipitated casein, we added small amounts of calcium and found 
that we could produce any desired sedimentation constant up to 10 - 4 , above 
which coarse particles similar to those in the original milk were formed. 
Fig. 1 shows the sedimentation constant plotted against the total calcium 
concentration. This seems to be a good exam])Ie of a typo of sedimenta- 
tion predicted by Pedersen, where two molecular sizes are in such mobile 
equilibrium that they sediment as a single component at an intermediate 
rate. The intermediate mixtures might be expected to appear inhomo- 
geneous; but hg. 2 shows that there is no sign of this. 

The precipitate obtained by addition of 16 % Na2S04 to oxalated milk, 
when washed and redissolved, consists of homogeneous casein with very 
little whey protein. Since even oxalated milk still contains some residual 
calcium, which may not be equally divided between precipitate and 
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mother liquor, the two fractions may have different sedimentation constants. 
In one case the precipitate had sedimentation constant 7-8, the mother 
liquor 9-7, and the mixture of the two 8*7, and fig. 3 shows that in all 
three solutions the casein part is quite homogeneous. 

Total 
Ca mola 
per litre 
0*0032 


0 0079 

0 0102 


0 0137 


00382 

Flo. 2 



Saltinf? out 
l*roc'ipitnt<i 


Mother 

liquor 




.9,0 X 10« 
7*8 


9*4 



Wc took the opportunity to study the first stage of the clotting process. 
Oxalated milk at pH 7-0, treated with j)ep8in, showed slight inhomogeneity 
in the casein, but no appreciable change in sedimentation constant. 
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J. St L, Philpot and P. A. Small, A clue to the structure of pepsin. 

Herriott (1937) showed that pepsin was inactivated by iodine, and he 
regarded this as due to substitution in the tyrosine groups. We have used 
Folin’s phenol reagent to measure the extent of substitution of the tyrosine 
groups, and we have found that at pH 5-4 some other groups react with 
iodine or hypoiodous acid more rapidly than the tyrosine groups. Further, 
when the other groups have reacted the pepsin is inactive. This is shown in 
fig. 1, where the percentage of activity and of unsubstituted tyrosine are 
plotted against the amount of added hypoiodous acid. At present we have 



Fio. 1. A, Unsubstituted tyroHine; B, Peptic activity. 

no idea what the unknown groups are, but they are not tryptophane, 
histidine, proline, liydroxy proline, sulphydryl, amino, carboxyl, jieptide, 
simple ketone, or simple phenol. Wo therefore think that they may consist 
of some unusual substanoe peculiar to pejisin. 

We have tried to detach the unknown substance from pepsin by non- 
hydrolytic procef lures in the hojie that it was attached less firmly than by 
a peptide link. Protein-froo solutions with the required properties can be 
obtained, but it is i)ossible that they may have come from the impurities 
which are known to be ])rescnt in crystalline pepsin. In any case the 
conclusive test of recombining tho essential groups with the protein, as in 
the case of haemoglobin or flavoprotein, suffers in the case of pepsin from 
extreme technical difficulty and has not so far been accomplished. 
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proteolytic enzymes which are unable to attack diketopiperazines can 
nevertheless hydrolyse cyclols, or that such enzymes can convert cyclols 
into ordinary peptides. 

The frequency hypothesis of Bergmanii and Niemann states that the 
number (a) of amino-acid residues in a protein is expressed by the formula 
a = 2"* 3"^, where m and n are whole numbers. Now the average error in the 
determination of individual amino acids in a protein may bo fairly taken 
to bo 5- 6 % ; assuming the possibility of an error of 6 %, calculation indi- 
cates a very high degree of jirobability (approx. 80%) that a purely 
random distribution of amino acids should give values in apparent accord- 
ance with the formula of the frequency hypothesis. It apx^ears, therefore, 
that so far as the (jomplox globular proteins are concerned the hypothesis 
is not convincingly established, although in the case of the simple fibrous 
jiroteins it rests on a more se<;uro basis. 


S. J. I’RZY-fcECKi.* Protein symplexes. 

The molecules of many native proteins contain groups “apeptidcs” 
which are not composed of amino acids; thus serum albumin can be 
sejiarated into fractions containing (a) ex(‘lusively amino acids (crystal- 
burnin), (b) amino acids plus 10% (jarbohydrate (seroglycoid), (c) amino 
acids plus 4*8% carbohydrate plus 3-9% lipin; these three fractions have 
mol. wt. 70,000, and there is evidence of a fourth component with mol. wt. 
100,000 containing amino acids plus 40% li[)in plus 2% carbohydrate. 

Such protein-ajieptide complexes fall into the class designated symplexes 
by Willstatter and include substances of great ])hyBiological importance. 
The possible modes of combination between the protein and apoptidc 
groups may be classified as follows. 

(1) Electromlent syrnplexe^i. These deiiond for their formation on the 
ionizable groups of protein and include such substances as nueleo])roteins, 
comxiounds of basic and acidic proteins (e.g. protamine-insulin) and com- 
pounds of proteins with ]ihosphatides and with acid and basic iwly- 
saccharide groups (bacterial antigens). Symplexes of this type are stable 
only within a certain pH range. 

(2) Covalent aympUxes, Compounds may bo formed between proteins 
and carboliydrates (e.g. by N-glycoside linkages) or between proteins and 
fatty acids or lipins (e.g. by esterification) ; such covalent symplexes show 
a much greater degree of stability. 

(3) Co-ordination aymple^ea, (a) Polyosoproteins, The protein-glycogen 
complexes isolable from animal tissues, similar substances from plants and 

* Communicated by letter, not read in person. 
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others which may be i^repared artificially, exist by combination through 
the undissociated arginine and tyrosine groups of the protein; they are 
very labile but differ from the electrovalent symplexes in being stable at 
pH at which both components carry changes of like sign and in being stable 
in presence of salts. 

{b) Lipoproteins, Similar symplexes, dissociable by organic acids, bases, 
or alcohols, according to their compositions but stable towards water and 
non-polar organic solvents, may he formed between proteins and fats, 
phosphatides, sterols or carotenoids, through the participation of the NH 2 , 
COOH, OH or CONIl groups of the protein. 

(c) Polyproteins, Labile associated aggregates may occur between the 
molecules of different proteins. 

The above symplexes are to be regarded as chemical compounds in 
which the components combine in stoichiometric proportions; they seldom 
occur in nature as individuals, but are found as associations of several 
different tyj)e8 of symplexes ; such a situation is illustrated by the case of 
serum albumin to which reference has already been made. 

Apart from the above enumerated chemical compounds so-called pseudo- 
lipoproteins are known. These are due to purely cohesive forces between 
the apolar groups. They differ from the true, co-ordinational lipoproteids 
in being readily separated by apolar organic solvents such as benzene, light 
petroleum, etc. 


Professor H. H. Webeh. Muscle, proteins and properties of the muscle. 

Muscle can easily be sejjarated into four fractions of proteins: 

(1) An albumin fraction — myogen — is soluble under all conditions in a 
much higher concentration than the muscle contains. (Consequently it 
must exist in solution in the living muscle too. 14—16% of it can be 
mechanically squeezed out of the muscle. The whole amount of myogen 
extracted with 0-6 M KOI is 22 % for the white muscle. 

(2) A globulin fraction — globulin A" — is soluble under physiological 
conditions in a far lower concentration than the living muscle contains. 
Therefore the greater part of it must form structures in the living muscle. 
In the press juice it amounts to only 2% of total muscle protein. In the 
KCl extraction it is also 22 %. Both of these fractions (globulin X and 
myogen) are typical representatives of their classes of pi-otein in nearly all 
properties (solubility, viscosity, mol. weight). 

(3) An anomalous globulin — myosin — exists in the KCl extraction 
(ca. 40 % of total muscle protein), but does not go into the press juice. It 
can easily be sharply separated from globulin X because the precipitation 
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of myosin is completely finished at 0*04 M KCl at ca. 7. The precipita- 
tion of globulin X begins at 0*006 M KCl at ca, pH 7. Solutions of myosin 
possess a high double refraction of flow, a high and anomalous viscosity, and 
they form a gel in concentrations ca. 2 %. All this shows us that myosin par- 
ticles are rod -shaped molecular bundles optically anisotropic in themselves. 

(4) Stroma proteins are insoluble even in concentrated salt solutions. 
Stroma is generally not optically anisotropic. 

By certain methods myosin may be formed into threads. These are equal 
to the muscle in capability of swelling, tensile strength, elastic properties 
and X-ray diagram. They also possess double refraction of rods and are 
optically anisotropic in themselves. Their double refraction of rods 
quantitatively amounts to the quantity required' by the theory of Wiener. 
In the muscle wo observe only 40% of both kinds of double refraction in 
comparison with the thread. On the other hand the muscle contains only 
40 % myosin, and the volume of its doubly refracting disks is again about 
40%. Thus the Q-disks of muscle also consist of myosin rods oriented 
completely parallel with their long axis to the axis of the fibre. A dry 
myosin thread swelling in a myogen solution absorbs only water but no 
myogen. Therefore the spaces between myosin rods in normally swollen 
thimds (20% protein) must bo <70 A, their number i)or mm.* of the 
cross-section >12-16x10®, the rod measuring <46 A in diameter and 
>600 A in length. According to Boehm’s X-ray studies the distance 
between the filamentous molecules of myosin in the swollen thread is 1 1 A. 
So the cross-section of one rod contains at most 17 molecules. The analysis 
of birefringence shows that conii)letely elastic stretching of the oriented 
thread results from the stretching of its single rods. Filamentous molecules 
are evidently folded. From the transition of a myosin into ft myosin in the 
stretched state Astbury likewise concludes the folding of molecules. In 
general this is the knowledge we have at the moment of the structure of 
the Q-disk. 

Dissolved myogen claiming only 20 % of muscle volume can be placed 
into the sarcoplasma where, for mechanical reasons, it is expected to be. 

We cannot tell anything definite about the simply refracting disks and 
about the signification of globulin X and of stroma proteins. 

From the fact that muscle fibrils are composed of filamentous molecules 
we may explain : 

(1) the capability of being highly stretched, 

(2) the changeable modulus of elasticity, 

(3) the thermoelastic effect, 

(4) the quantitative proportion between damped and undamped 
elasticity. 
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The contraction of muscle by heat is the same as that of the myosin 
thread between 40 and 70 ^ with nearly the same contraction and tension, 
whereas active contraction of muscle results from a reaction with certain 
products of metabolism. Colloidal effects of products of metabolism are 
observed in a decrease of solubility of muscle protein in fatigued state. This 
effect is completely reversible. It cannot be explained by formation of 
lactic acid. It cannot be produced by adding creatine, or muscle adenylic 
acid to the minced muscle. This decrease results exclusively from a decrease 
in solubility of myosin. 


Professor K. H. Mk vkr. A contribution to the problem of protein dervaturation. 

The insoluble solid silk thread arises, as is well known, from the water- 
soluble fluid content i»f the silk glands of the caterpillar; this coagulation 
occurs, as Foa (1912) has shown, as a result of stretching. We have examined 
this case of denaturation in greater tletail; first, because the proteins 
involved are relatively simple and consist only of polypeptide chains, and 
secondly, because the structure of the crystallized thread is well known 
(the first three-dimensional model of a polypeptide chain (Meyer and Mark 
1928) was based on a study of the X-ray diffraction pattern of silk). 

M. Jeannerat and myself have made experiments on the silk glands and 
on aqueous solutions of the content of the glands ; a detailed account of this 
work will appear in the Helvetica chimica Acta. As a result of drying, 
treatment with salt solutions, alcohol, acids, etc., the content of the gland 
becomes insoluble and shows crystal interferences. The freshly coagulated 
worm-like gland (ra. 8 cm. long) can be stretched reversibly seven to ten 
times its length — ^like a rubber band. If the gland (or its contents) is held 
in the stretched condition for 10-30 sec., it crystallizes and no longer 
contracts when released. 

It is known that pure amorjihous rubber is metastablo at O'" C and takes 
months to crystallize if undisturbed. If stretched, however, the speed of 
crystallization is very much increased —as a result of the parallel orientation 
of the chains — so that the state of “sui^ersaturation” is removed. Amor- 
phous selenium behaves in the same way: it may bo kept indefinitely in the 
undereooled condition, but becomes “elastic*’ like rubber at 72 ° C (Meyer 
and Sievors 1935) and crystallizes on stretching (Prins and Dekeyser 1937). 
After crystallization it is inelastic and is no longer soluble in sulphur. 

From the analogous behaviour of these systems and that of silk we con- 
clude that the silk gland contains a fluid in a metastable condition, that is, 
a supersaturated protein solution, the supersaturation of which is abolished 
by mechanical means. 
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Aqueous solutions of the content of the gland are also metastable ; on 
standing they soon became covered by a solid skin of insoluble protein. In 
courseof time they become more and more viscous and solidify spontaneously 
after several weeks. On stirring, shaking, or bubbling a gas through the 
solution, a fibrous protein is eliminated, leaving in solution another pro- 
tein which soon gelatinizes. There are therefore at least two proteins present 
side by side in sufiersaturated solution in the content of the gland. 

We may suppose that the known denaturation of surface films of other 
proteins discovered by Ramsden (1894) is caused in the same way: super- 
saturation is abolished as a result of the mechanical orientation of the chains 
under the influence of surface forces. 

The observed elimination of “fibroin” from solution by whipping recalls 
the defibrination of blood. In the blood, fibrinogen gives rise to a 8U|>er- 
satural/cd solution of fibrin, whi(di is subsequently eliminated at surfaces. 
This elimination is accelerated by mechanical agitation (as in the case of 
silk fibi'oin). 

It seems possible that other systems occurring in living organisms should 
be regarded as “ 8ui)orsaturated solutions”, and that the properties of such 
may be of importance in biological procicsses. 
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W. T. Astbury. Evidence from the X-ray study of fibrous proteins. 

The natural protein fibres ore polypeptide chain systems with the general 
direction of the cliains running along the length of the fibre. The chains 
may bo fully extended, as in fibroin and fibrin for example, or regularly 
folded, as in the hair protein keratin and the muscle protein myosin. 

Keratin and myosin are similar in both molecular configuration and 
elastic properties. 

With its /i subgroup, the configurational group to which keratin and 
myosin belong comprises all the fibrous proteins of the epidermis and 
protective covering of animals, muscular tissue, and probably also myo- 
epithelial tissue. And the only other group of natural fibrous proteins 
revealed by X-rays is the collagen group, which includes connective tissue, 
tendons, elastin, fish skin and fins, etc. 
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The long-range stretching and contraction of the fibrous proteins points 
directly to the structure of the “globular” proteins. The various contracted 
states are but intermediate steps to more comprehensive states of folding. 

When the configuration specific to u protein is disturbed, the protein is 
“denatured”; new non-specific configurations are formed which always 
include chain-bundles. The transition from the specific to the denatured 
state must in general be very easy, and the X-ray indications are that the 
structure of the globular proteins is analogous to that of the folded fibrous 
proteins. The unfolding of myosin at comparatively low temperatures is a 
linear example of this. 

It is possible from X-ray and density data to show that there is a 
stoichiometrical distribution of the amino-acid residues in tlie fibrous 
proteins similar to what has been found for the globular proteins, and it is 
also probable that the fibrous proteins, too, fall into the Svedberg scheme 
of multiple molecular weights. Again, just as there are in the Svedberg 
scheme apparently only a limited number of configurations independent of 
(‘onstitution, so there ai*o considerable variations of constitution within 
both the keratin-myosin and collagen configurations. Constitution alone 
does not decide the configuration : there must bo some factor common to 
the synthesis of all proteins, wlicther fibrous or globular. 

Protein monolayers are fonned also by the unfolding of specific con- 
figurations, leaving the side chains pointing normal to the substrate. In 
the form of built-up multilayers their thickness has been measured both 
by X-rays and by direct means -including the screw micrometer. The 
thickness of one monolayer of egg albumin is about A, as would be 
inferred from X-ray data given by the natural fibrous proteins. 

The spacing between successive nucleotides in thymo-nucleic acid is 
almost exactly equal to that between successive side chains in the 
/?-protein8. Protamines like clupein thus combine directly with this acid 
to form optically negative fibres of the same period. 

Prom combined X-ray and chemical data given by the fibrous proteins, 
the nucleic acids, and the tobacco mosaic virus, each nucleotide in the virus 
appears to co-ordinate about 54 amino-acid residues in a volume of about 
8800 A». 
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Dr G. Boehm. Tho study of X-ray diagrams of (i) dried striated muscle, 
and dried bundles of stretched myosin fibres, (ii) of living skeletal muscle, 
and bundles of myosin fibres extended and soaked in phosphate buffer, 
shows that the X-ray diagram of muscle is entirely due to the myosin. This 
substance is present in muscle in the same state of orientation as in a 
myosin fibre which has been stretched “physiologically”, i.e. without 
application of high temperature. 

The equatorial interference points indicating a distance of about 1 1 A 
disappear during isotonic contraction. From this one can conclude merely 
that the orientation of the myosin particles has been disturbed in some way. 
Since new interferences do not appear, no further conclusion can be drawn 
about changes in the myosin chains. 

In good diagrams of living muscle, the ecpiatorial interference points 
are just perceptibly differentiated and approach the central spot very 
closely. Attempts, however, to obtain several distinctly separate inter- 
ferences failed, even with methods which hod been successful in the case of 
X-ray diagrams of the tendon. It would ai)pear, therefore, hardly possible 
at present to distinguish with this method between inter’ and iw/ra- 
micellar reactions in muscle, with a degree of certainty such as has been 
obtained, for example, with cellulose. 

Such a distinction should bo aimed at in the case not only of muscle, 
but of any structure which is partly composed of protein particles of 
unequal diameters. Such tissues, as is w'ell known, do not contain sei)arate 
chains of protein molecules, but grouped primary valency chains: micellae, 
which can be analysed easily especially if present within a regular structure. 
Probably, as the X-ray diagrams have shown in the case of cellulose, 
some agents act only upon the iw^er-micellar substance or at the surface 
of the micellae, others combine with each individual molecular chain, 
i.e. in the ia<m-micellar substance. This raises a special question in the 
case of muscular contraction. The “contraction substance” liberated 
presumably in the “intermicellar” space would have to act, according to 
current views, upon each individual primary valency chain of the myosin. 
This would introduce a finite time of “intra-micellar” diffusion which, at 
present, cannot be measured quantitatively. 

Some indications can be found of “intra-micellar” reactions even in the 
not very distinct diagrams of the muscle, provided any change of shape of 
the myosin micellae is prevented. Tho diagrams of dried and living muscle 
show that some part of the water is present in the “intra-micellar” space. 
Furthermore, during rigor, and during isometric contraction of a tortoise 
muscle (8 min. exposure with Cu X^-radiation), the equatorial interference 
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points become a little more distinct which may be due to a “ permutoidal ” 
reaction of the micellae. 

Further information on muscle, and other protein fibres, will presumably 
depend upon a combination of different, esj;)ecially of optical, methods. If 
a clear distinction can be achieved between intra and ta^er-micellar reactions 
of such tissues, further li^ht may be thrown also on a number of pharma- 
cological actions. 

Dr K. GoRTiflB. Wlioever studies the protein molecule by the spreading 
method must be well aware that he is dealing with molecules with a 8 |)ecial 
shape, namely, that of flat filatelets, having a thickness of 10 A. 

1 shall first consider whether f his special shape of the spread molecule is 
of a rare occurrence among proteins. 

At first sight it would a]) pear that a maximum spreading can only be 
obtained with a few samples of i>roteins, and even with those spreading 
occurs under special circumstances only, the most important of which arc 
the e]e<jtrolytic strength of the soliition on which the f>rotein is spread and 
the presence of hi- or tri-valeiit ions. In one group of proteins the spreading 
occurs easily in a short time at the isoelectric point and on very acid or 
alkaline solutions, even if they contain a small amount of electrtilytes. 

Other proteins show a greater tendency towards spreading in so far as 
the minima on each side of the isoelectric point tend to disappear. 

They behave as if active fM)lar groups (300 — and NH 3 are covered by 
another substance. A complex protein j)re pared from ovalbumin and 
tartrazin shows this better spreading tendency at the acid side of the 
isoelectric y)oint, because the NH^ groups have fixed a molecule of tartrazin. 
Among the good-spreading proteins of one of these two types we can 
mention the following: diflerent alhiimins and globulins, insulin, pe{>sin, 
trypsin, globin. But there arc also proteins which do not spread under the 
ordinary ox])erimental <*onditions. 

We found that beautifully spreading substances are obtained by adding 
a trace of a proteolytic enzyme to these. The split y>roduct behaves as a 
protein of the first or second grou]>. As an exam[)le we can mention the 
spreading of fibrinogen and myosin. Perhaps the most interesting of this 
group is heat -denatured ovalbumin, which has no spreading tendency, but 
is again transformed into an easily spi’cading substance by the addition of 
a proteolytic enzyme. There exist also examples of ])roteins which do not 
spread because they contain too many soluble groups in the side chains. We 
never could get spreading of the purest clupein, sent us by Dr Linderstrom- 
Lang. Wo may therefore conclude that moat proteins can be induced to 
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spread and that the flat platelets shape of the molecule is not something 
exceptional. 

Whoever studies proteins by the spreading? method must also keep in 
mind that his experiments give him some information only of (me surface 
of the molecule, in which the polar groups ('() — , NH, COO and NHg are 
lying* as this surface is in contact with the water in the tray. 

On the other hand, we may be very satisfied that the spreading method 
enables us to studj^^ the one most important surface of the protein molecule 
with great precision. 

Our conclusions that the method of spreading also enables us to collect 
important information about the properties of a protein molecule would 
be placed on a weak basis if we had to consider the protein molecules, when 
spread, as denatured. 

Now one reason that this is not true is given by the behaviour of heat- 
denatured ovalbumin, which does not spread. Moreover, we were able to 
show that pepsin and trypsin remain active as a proteolytic enzyme after 
having been spread on a water surface. 

Dr J. F. Danikllt. Surface chemistry, in addition to giving us informa- 
tion about the structure of protem films, also gives a certain amount 
of information about the nature of the forces holding the polypeptide 
chain of the protein molecule in its si>ecific configuration. Adsorption of 
protein molecules at an oil-water or an air-water interface may cause a 
reduction in free surface energy of the order of 35 ergs/sq. cm. The adsorp- 
tion of a [irotein molecule is a practically irreversible [)rocess: it is almost 
entirely due to the hydrocarbon residues of the polypeptide chains. 
Similar forces involving a free energy change of the same order of inagnitudo 
will operate on the hydrocarbon residues of the protein in solution, tending 
to roll the polypeptide chain into a form where the hydrocarbon residues 
are in close contact and the polar groups are directed towards the aqueous 
phase. This process should be fairly complete, but the adhesions between 
the hydrocarbon residues in the case of such short chains will not, judging 
from other film experiments, be sufficient to maintain a solid, i.o. a specific, 
structure. The only other forces available are chemical linkages. 

In a solution of a protein such as haemoglobin, individual protein 
molecules show little tendency to combine. But after spreading at a 
surface they tend to link up and form a two-dimensional network of 
polypeptide chains. The groups involved in this linking up are probably 
those which are broken when the polypeptide chain unrolls at the surface, 
i.e. they are probably the groups involved in the linkages responsible for 
maintaining the specific structure. If this is so we should probably be able 
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to obtain information about the nature of these groups by allowing 
adsorption of protein molecules to take place in the presence of a high 
concentration of reagents which specifically combine with certain types of 
groups. It thus seems probable that surface methods will enable us to 
investigate the nature of the bonds maintaining the specific structure of 
proteins. 

Dohothy Crowfoot. X-ray studips of prokin crystals. 

The number of protein crystals studied by X-ray methods is still small, 
chiefly owing to the difficmlties of applying tfiis technique to crystals of 
such low X-ray reflecting power. Most of t})e crystals alsf> readily lose 
water on exposure to air, forming new collapsed crystal structures in which 
the arrangement of the units, as indicated by further decrease in the 
intensity of the X-ray reflexions, is considerably disorganized. So far, of 
only seven proteins — pepsin, insulin, excolsin, lactoglobulin, haemoglobin, 
(jhymotrypsin, and tobacco seed globulin — have sufficient X-ray measure- 
ments been made to cover even the first stages of crystallographic examina- 
tion, the determination of unit cell size and cell molecular weight. And of 
these only three, la(jtoglobiilin, haemoglobin, and chymotrypsin, have 
been studied both wet and dry. 

These measurements boar in two directions on the existence of proteins 
as large molecules within the crystals. In the first place it is possible to 
calculate the maximum molociular weights of the protein units present, and 
these agree well with the molecular weights measured by the ultracentrifuge 
method. Secondly, the cell dimensions of the different protein crystals, 
particularly when dry, show certain regularities among themselves. They 
are commonly multiples of about 30, 50, and 60-70 A, the crystals falling 
into two main groups in which the packing of tlio units is pseudo-cubic and 
pseudo-hexagonal respectively. 

Whether these units should be considered as chemical molecules cannot 
be decided at this stage from the X-ray clata. It is, however, possible to 
derive some information on their internal structure through a study of the 
intensitie^s of the X-ray reflexions. Series of Patterson-Harker Pourier 
syntheses may be formed, using the observed intensities, and plotted as 
diagrams in which the peaks show the vectorial distribution of interatomic 
distances within the unit cell. This has been done for dry insulin and, in a 
preliminary way, for wet and dry lactoglobulin. For dry lactoglobulin the 
plofc is very simple and shows only the main distribution of molecular 
centres; while those for wet lactoglobulin are complicated by the possible 
superposition of inter- and intra-molecular distances. The insulin {lattems 
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are best suited for further analysis since the |>oak positions here must 
erystallographically be duo only to structure within the Svedberg unit. 
But, as dry crystals only have been measured, the X-ray data are still very 
imperfect, and these patterns cannot be exjiected to give information on 
the actual placing of individual atoms. They evidently correspond to a 
fairly large-scale structure within the unit and suggest some kind of 
rhombohcdral packing of subunits at the characteristic distances of 10 or 
20 A apart. Such a distribution seems significant in view of the measure- 
ments made by other methods on protein fibres and films. 

Professor J. D. Bkrnal, F.R.S. X-ray evidence for the structure of the 
protein molecule, 

A logical method of attack on tfic problem of the protein molecule by 
X-ray analysis begins with a study of the available observations and 
<leduces from them the range of possible structures which can account for 
these observations. So far uiiiciue solutions are not to be expected and 
c'annot indeed be found, but the choice of structures can be still further 
narrowed by invoking our knou ledge of the chemical and physico-chemical 
yiroperties of proteins and of the lengths of bonds and of atomic radii 
established by X-ray analysis of simpler structures. 

The existence in proti^in crystals of molecules of the size found in solu- 
tions l)y centrifugal methods can be considered as probable, though not 
proved. The contents of a repeat unit of all ])rotein crystals hitherto 
examined 1ms always been found to Iw a simple multiple of a Svedberg 
unit. The crystal unit can therefore not be larger than the unit in solution 
but it may well be a subinultiple of it. Indeed, in the emse of haemoglobin 
it appears that the crystal unit is half the molecule found in solutions. The 
possibility that protein crystals are made of units of smaller size and that a 
determinate number of these aggregate on jiassing into solution must be 
seriously taken into account. The remarkable swelling properties of 
prot/ciu crystals can be accounted for either on this suppi^sition or on the 
hyf>othesis that the larger jirotcin molecules are not rigid, but can them- 
selves swell and shrink reversibly. 

The chief features in the X-ray scattering of both crystalline, fibrous, 
and denatured proteins are the strong reflexions in the neighbourhood of 
10 and 4-5 A. These have been shown by Astbury in the latter cases to 
correspond to the side-chain and “backbone” distances between peptide 
chains. An analogous ex|)lanation must hold in the crystalline proteins, 
since oxyicriments by Astbury, Dickinson, and Perutz have shown that 
actual atomic movements in denaturatiori of protein crystals arc very 
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limited. Detailed analysis of intramolecular structure are only possible in 
the case of one protein -insulin — as here alone there is only one Svcdberg unit 
in the cell. Unfortunately, only the dry crystal has been studied, and thus 
not only lias all fine structure been lost but a distorted x>icture is given of the 
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Firi. 16. Tdeali/od projootion of insulin structuro on basal piano 
showing positions of liypotiK'tical scatt4*riiig oontros. 

coarser structure. This can be partially corrected by introducing a disorder 
factor, and the resulting Patterson projections (see fig. la) give us a basis for 
a rough analysis. The whole ])atterii may be reduced to six significant peaks 
(three in the basal projection). This indicates that we may be dealing with 
concentrations of scattering matter approximately 10 A apart. To find their 
positions we must depend not on a priori structures with arbitrary assump- 
tions, but on an exhaustive study of the number of point combinations that 
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can give the observed peaks. It is immediately apparent that the peak 
vectors correspond to those of a body-centred cubic array. In projection 
on the basal piano tins gives a hexagonal pattern. The whole of tho lattice 
space can be filled by seta of hexagons containing two layers of points 
(see figure). It is a remarkable fact that for closed packing the plane 
joining nearest points is precisely the (8 7 10) plane which is one of the 
strongest in the crystal. Each of the points in the projection may be 
occupied by 0, 1, or 2 equivalent scattering centres at different heights. 
These can be distributed in a large number of different ways, but only a few 
of these with 12, 18, or 24 centres will give tho order of intensity of tho 
peaks. Betw'een these it is impossible to choose on X-ray grounds alone. 
The most we can say therefore at present is that plausible structures can 
be postulated for tho insulin molecule in which it is constituted, most 
probably, of 24 submolecules. 

We have now considerable c(mfirinativc evidence of a physico-chemical 
nature for this assumption, as protein molecules have been split into 
submolecules by various agents. As to their structure, we can legitimately 
speculate without the addition of any new assumptions that they consist 
of regularly folded peptide rings containing possibly twelve amino-acid 
residues held in shape by hydrogen links between adjacent (JO and NH 
groups. Models of these can be made which have external dimensions of 
about 10 A and prominent internal distances of altoiit 4 A, A protein 
molecule built up in this way would not only accMjunt for the X-ray 
evidence but would give a plausible explanation of denaturation pheno- 
mena. Reversible denaturation would consist of tho se[)aration and possibly 
the unfolding of the submolcciilos; irreversible denaturation in their 
conversion into long-chain molecules by the familiar mechanism of ring- 
chain polymerization. 

Much research, however, will bo required before any model can be put 
forward as anything more than a plausible working hypothesis; in par- 
ticular, the structures of wet insulin crystals needs to be studied. Ear greater 
co-ordination is needed between research by X-rays and by other methods. 
It would be of enormous value to have some form of central bureau for 
protein research which would facilitate exchange of information and 
material in this field, and assist in an ordered attack on tho whole problem. 

[Note added in proof, 30 January 1939. It now seems probable, as the 
result of the work of Langmuir and recent observations on tobacco 
mosaic virus, that the forces between molecules in some protein crystals 
are due to the ionic atmosphere surrounding them in solution. 

Recent discussion has shown that the interpretation of protein Patter- 
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son peaks by concentrations of scattering matter inside the molecule 
provides only one out of an infinite number of solutions. As it is still 
impossible to find, notwithstanding some claims that have been made, a 
satisfactory point solution both of the projections and the Fatterson- 
Harker sections, it would seem probable that some more c<»mplcx solution 
will have to be attempted.] 

J, Mahrack. Immunological aspects. 

Evidence that has accumulated in recent years shows that antibodies 
are modified serum globulins ; the majority of the more effective antigens 
arc ]>roteins. The problems of immunochemistry are therefore intimately 
hound up with those of the structure of proteins. 

Our knowledge of the relation between specificity in immunological 
reactions and chemical structure has been derived, mainly, from studies 
with synthetic antigens. The majority of synthetic antigens used are formed 
by attacliing a relatively small group to a protein. The antibodies produced 
react specifically with these small attached groups (determinant groups). 
'Hiis suggests that the determinant groups of natural protein antigens 
might bo similar small groui)8 (prosthetic groups). Also the “combining 
groups” of antibodies might be similar prosthetic groups* 

If such prosthetic groups were present in protein and were polar, they 
should jjroject into the water when the protein was spread as a solid film 
at water-air or water-oil interface. The “combining groups ” of the antibody 
of tyf)e IT antipneumococcal serum, that combines with tyj^e 11 f)oly- 
saccharide, should be polar, as they combine with tlie polar glucuronic acid 
of the polysaccharide. 

In exiKsriments by Dr Danielli, Mrs Danielli and myself (1938) purified 
tyfio 11 antibody, over 90 % of whicli was precipitable by polysaccharide, 
was spread on a water-air or water-oil interface forming an elastic solid 
film. The surface area and surface potential of this film were not affected by 
the introduction of type II polysaccharide into the bulk of tlie water phase. 
There was therefore no evidence of combination between the polysaccharide 
and the antibody in tho film. 

There was also no evidence of combination between horse-serum globulin 
similarly spread as a film and an antibody to this protein, when the latter 
was introduced into the bulk of the fluid. 

It is inferred that the combining groups of the aTitibody and determinant 
groups of the protein antigen are not small j>rosthetic groups, but sj^ecific 
patterns of certain amino acids, which are disarranged when the proteins 
are unrolled as a film. This fits the experiments of Landsteiner and van dor 
Scheer (1932, 1934) and the older experiments of DeCkin and Dudley (1913). 
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Dr E. Holiday. Breakdoum products of antigen. 


In quantitative innnuriological expcTiinents it is an ideal requirement 
that tho antigen should be antigcnieally homogeneous. Proteins obtained 
by electrophoresis and shown tf) be homogeneous in the ultracenirifuge 
come as near to tliis requirement as has so far been possible. 

Having immunized an animal (e.g. rabbit) with such a purihod protein 
it is tJien of interest to determine how far one c!an degrade the antigen 
(e.g. by enzymic digestion) before affinity for antibody is lost. 

In an experiment a highly purified ])reparation of liorso-serum albumin 
was subjected to digestion by 1/4000 parts by weight of pepsin at pH 2*1 
for periods of 5 and 30 min. "J’ho digests were neutralized and then subjected 
to the following [irocedures, the results of which are drawn up in tabular 


form. 

ITlinu’cntriiugc 


lCleo<rc>|)horo.sis 


Dialysi.^ 


Precipitin 

reaction 


Albimiiti 
Homop *11001 iH 
= 4 2 X Id 


Ono coinponont. 
Mobility at pH HO: 
-7-6x’i(> “ 

UndiuIy«rtbIo 


Prc‘cipitato4- + + + 


C) min. digest 
iroinng(*iu*ou.s 
«= 1-90 X 10 
Probably an 

I molecules 
Two components 
Mobility at />H HO: 

(1) 0-3’x 10 » 

(2) -9-0x10-* 
<10% nitrogen 
dialysablo. Dialy- 
sate coiitainod over 
90 % of tho 1 ryj)to- 
phane of the it1bu< 
mill 

Pr<.»cipitato + + 


30 nun. digest 
Hoinogi'ni'ous 
l*'l4x 10-*. 
Probably (exists os I 
inolocules 

Two components. 
Mobilities not inea- 
Hured 


No precipitate. Par- 
tially inhibited pro- 
cipjtation of unal- 
tered albumin 


Tho oxfiorirneiit seems to indicate that pepsin is a useful enzyme for 
degrading proteins for this type of experiment. Tt splits successively by 
dividing into (?) halves, quarters and eighths. In these early stages small 
fragments are split off which include most of the tryptophane in the 
molecule of serum albumin. At the stage of division into eighth parts there 
is still evidence of affinity between the degradation products and antibody. 
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Carbohydrate motabolisin and muscular exercise 

By F. C. Courtice, Beit Memorial Besearch Felhic, 

C. G. DoruLAs, F.R.S., and J. (J. Priestley 

Frmi the Physiological Ijaboralory, Oxford 
{Received 2 November 1938 — Revised 4 January 1039) 

Courtice and Douglas (1936) showed tliat, although a jirolongcd jieriod 
of moderate muscular work may be associated w-ith some rise of respiratory 
({uotient and an enhanced carbohydrate oxidation, a persistent low respira- 
tory quotient and ketonuria may result iluring subsequent rest. They 
concluded that this low quot<ient and ketonuria weio in the main attributable 
to the reduced ratio of carbohydrate to fat oxidized owing to the depletion 
of readily available carbohydrate in the body as a result of the preceding 
muscular exercise. A second jieriod of exorcise was, however, still capable 
of causing a distinct, rise of the respiratory quotient which was maintained 
throughout the exercise, to fall again abruptly to a persistent low level 
when the exercise stopped. Kinding in one subject (Gourtice) that after 
the ingestion of sucrose, glucose or fructose during ijost-oxerciso rest there 
was distinct evidence of a reduction of sugar tolerance in comparison with 
observations made during an initial nesting [leriod before exercise, they 
suggested the possibility that the activity of the endocrine organs associated 
witli carbohydrate metabolism may l>e correlated with the varying activity 
of the muscles and so allbrd a ]>artial explanation of the changes of 
carbohydrate metabolism whii-.h result from muscular exercise. 

Mills (1938) confirmed on Douglas the reduction of glucose tolerance 
which ensues after a jirolongcd period of muscular exercise, but in his 
own case obtained inconstant results, some experiments showing a low'ered 
glucose tolerance, othei-s no significant change. He also examined the 
influence of the carbohydrate content of the diet taken previous to the 
experiments, and tested the influence of intravenous injection of insulin 
on the subject without any previous exercise and after exercise. 

We have now been able to continue these experiments in greater detail, 
and in particular to determine the respiratory exchange and quotient 
continuously by the bag method whUst obtaining blood samples for the 
determination of blood sugar, lactic acid and CO, combining power. 

L 41 ] 
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The exercise was the same as in the original exi)eriment 8 of Courtice 
and Douglas, viz. a walk of 10 miles on practically level ground at the rate 
of 4i m.p.h. In a few experiments the distance was increased to 16 miles. 
In every experiment the subject was in the post-absorptive state at the 
start. Courtice and Douglas acted as subjects. 


Methods 

Glucost tolerance. Preliminary determinations of the respiratory exchange 
and blood sugar were first made. Immediately afterwards 50 g. of glucose 
dissolved in 300 c.c. of water were taken and the respiratory exchange 
was determined continuously (by a succession of bags) during the first 
hour, and subsequently during the last 10 min. of each quarter of an hour 
for a further hour and a half. All samples of expired air were collected for 
api^roximately 10 min., and in the figures the respiratory quotient is 
plotted at the mid-point of each of these periods. The blood sugar was 
determined at 5 min. intervals for the first half hour, and subsequently 
at 15 mill, intervals for a further two hours. 

Reaction to insulin. Insulin solution (Burroughs, Wellcome and Co.y 
made with crystalline insulin) was injected intravenously into the forearm, 
the respiratory exchange being determined continuously for one hour, 
twelve 5 min. bag sanifilcs being taken, and the blood sugar at 4 min. 
intervals for one hour. 

Reaction to adrenaline. Adrenaline chloride (Parke, Davis and Co., 
1 : 1000 solution) was injected subcutaneously into the u]q>er arm. The 
respiratory exchange was then determined by a succession of 10 min. 
bag samples for 2k hr., with the exception of a 10 min. interval after the 
end of each half-hour. Blood-sugar determinations were made at 10 min. 
intervals for tlie first liour and subsequently every quarter of an hour. 

In all experiments the determinations were made with the Hubjc<;t 
reclining at rest in a deck-chair. In experiments after muscular exorcise 
the preliminary observations were made after the subject had been resting 
for 1 hr., so that the glucose or insulin was actually administered about 
1 ^ hr. after the exercise stopped. 

Blood sugar was estimated in samples of cajiillary blood taken from the 
finger by puncture, after the hand had been warmed in water at about 45 ® C, 
by the method of Hagedorn and Jensen as given by Peters and Van Slyke 
( 1932 ), except for the use of Whatman no. 44 filter papers in place of 
cotton-wool for filtration. 
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Blood lactic acid was determined in duplicate analyses by the method 
described by lYiedemaim, Cotonio and ShaflFer (1927) and Friedemann 
and Kendall (1929). Blood was taken for this purpose from a vein in the 
forearm, coagulation and glycolysis being prevented by the addition of 
0-2% potassium oxalate and 0-1 % sodium fluoride. The blood was kept 
on ice from the time of withdrawal until required for use. 

The COj combining power of the same blood was determined by the 
blood-gas apparatus designed by Haldane (1920) which was completely 
immersed in a water bath, the blood being first equilibrated at 37"^ C with 
air containing CO2 at a j martial pressure of approximately 40 mm. Hg. 

It should be noted that the curves given in the figures frequently repre- 
sent the average results of two or more experiments. As the samples for 
analysis were always taken at the same time intervals in sucli cases, and 
the individual curves resembled one another very closely, such a method 
of representing tlie results can be safely used. 

The effect of exercise on glu(\)se tolerance 

We have confirmed the reduction of sugar tolerance observed in the 
original experiments of (^ourtice and Douglas as well as in those of Mills. 
Fig. 1 shows the effect on the blood-sugar concentration and respiratory 
quotient after the ingestion of 50 g. of glucose without preliminary exercise 
and after prolonged moderate exercise. Both subjects reacted similarly. 

The rate at which the blood-sugar (soncentvation rises is practically the 
.same, no matUsr whether or not exercise has preceded the test, but after 
exercise the curve rises for a longer period and reaches a higher level, so 
that the area enclosed is greater than in experiments without preliminary 
exercise. Once the blood-sugar concentration begins to fall, it falls rapidly 
and in both cases shows a negative phase between the 100th and 150th 
minutes. This figure shows the average results of three experiments on 
Courtice and two on Douglas both without and after exercise, but in indi- 
vidual instances blood-sugar concentrations as low as 65 mg / 1 00 c.c. have 
been found during this negative phase. We occasionally had a slight 
glycosuria in experiments after exercise. Mills found that in some of his 
experiments the blood-sugar con(!cntration rose more slowly after exercise 
than when there was no preceding exercise, and attributed this to delayed 
rate of absorption from the gut, but in our present series of experiments 
there is little or no evidence of this. 

There is a definite delay while the blood-sugar concentration is increasing 
after the ingestion of glucose before the respiratory quotient begins to rise. 
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Fig. I. Effect of ingestion of 50 g. of glucose on the blood-sugar concentration and respiratory quotient. 
O without preceding exercise; • after exercise. Courtice: average of three experiments in each case. Douglas: 
average of two experiment* in each case. 
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Indeed, as will be seen in fig. 1, there may be a fall of quotient at this time. 
Attention has been drawn to this fall by Togel, Brezina and Durig (1913), 
and it is also apparent in a figure given by Higgins (1916) and is suggested 
in some of the experiments of Cathcart and Markowitz (1927). Tdgel, 
Brezina and Durig state that the fall of quotient is due to a rise in the 
oxygen consumption without alteration of CO2 output and is not caused 
by mere modification of the breathing, and our own results are in general 
agreement with this, A clear rise of the resiuratory quotient above its 
preliminary resting value does not become evident until the blood-sugar 
ctincentration has attained its maximum. This is more clearly shown in 
fig. 2, and the matter will be discussed in relation to this figure. The rise 
of respiratory quotient and its subsequent fall follow the same course in 
the experiments with and without preceding exercise if allowance is made 
for the lower initial level in the latter ease, and are accom])anied by the 
usual increase and decrease of the total respiratory exchange which result 
from the ingestion of sugar. 

It is well known that the glucose tolerance is affected by the amount of 
carbohydrate in the preceding diet, being increased by a diet rich in carbo- 
hydrate and poor in fat, and decreased by a diet ])oor in carbohydrate and 
rich in fat. As Courtice and Douglas have brought forward evidence that 
the ])crsistent low respiratory quotient after prolonged exercise is largely 
determine<l by a reduction in the proportion of carbohydrate to fat oxidized 
in the body, wo deckled to test the effect of changes of diet in our own case 
to see how a change of tolerance brought about in this way would compare 
with the change resulting from prolonged exercise. Mills has shown in 
Douglas’s case that if a diet rich in carbohydrate is taken the sugar tolerance 
is increased both in experiments made without exercise and after exercise. 
Wo have now tested in Courtico’s case the effect on the glucose tolerance 
ofahigh-carbohydrate,low-fatdictandof a low-carbohydrate, high-fat diet. 
In the case of the high-ciarbohydrate diet the amount of fat taken was cut 
down so far as possible and the subject lived mainly on foods rich in 
(*arbohydrate such as bread, potatoes, jam and sucrose for 6 days, with 
theresultthattheinitial post-absorptive respiratory quotient was 
A diet closely axjproximating to the diet no. 7 of Himsworth (1935) was 
chosen for the low-carbohydrate, high-fat diet, giving a daily intake of 
55 g, of carbohydrate, 04 g. of protein and 220 g. of fat, with a total energy 
value of about 2576 kcal. This diet caused a marked and continuous 
ketonuria and an initial post-absorptive respiratory quotient of 0-74 0 * 75 : 
it was maintained for 9 days. In fig. 2 the influence of these diets on the 
glucose tolerance is contrasted with the results obtained both without 
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exercise and after a 16-mile walk at 4t\ m.p.h. when the subject was taking 
his normal diet. 

In this instance the high-carbohydrate diet makes little or no difference 
to the glucose tolerance, although during the test the respiratory quotient 
remains at a much higher level throughout than in tests made when the 
subject was taking his normal diet. On the other hand the decrease of 
sugar tolerance after 9 days of the low-carbohydrate, high-fat diet is 



Fig. 2. Subjfxjt Courtico. EflV*ct of itigostiou of 60 g. of glucose on the blood -sugar 
concontraiioa and respiratory quotient. O Normal diet, without exercise (average 
of tlireo oxpeninonts); ® high carbohydrate iliot, without exorciso (average of two 
experiments); • low-oarbohydrato, high-fat diet, without exercise; x normal diet, 
after l6-inilo walk. 
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Htriking. The sugar tolerance curve after the 16-mile walk bears a close 
general resemblance to the tolerance curve on this diet, though the actual 
decrease of tolerance is not quite so great. There was marked kctonuria 
after the exercise. 

Fig. 2 shows, even more clearly than fig. 1 , the delay which occurs after 
the ingestion of glucose before there is any sensible incre^ise in the respiratory 
(|uotient. This delay, which is about ^ hr. in the experiments without 
exercise with normal and high carbohydrate diets, is of the order of 
1 hr. ill the experiments with a low-carbohydrate, high-fat diet and after 
exercise with a normal diet. While the blood-sugar concentration is rising 
the respiratory quotient actually falls, and it only begins to rise as the 
blood-sugar (concentration passes its maximum, and attains its highest 
value after tlio blood-sugar concentration has begun to fall. It looks 
therefore as though the rise of blood-sugar concentration pfir se docs not 
cause the rise of respiratory quotient, but this depends on the effective 
development of the processes for the disposal of excess sugar which shows 
itself in the rapid fall and final negative phase of the blood-sugar concen- 
tration. 

Whether these processes, including, no doubt, increased insulin secretion, 
are gradually developing whilst the blood-sugar concentration is rising, 
or only begin when the blood-sugar concentration has risen to some definite 
level (an argument which might be supiMjrted by the linear rise of sugar 
concentration), we do not know. But in this connexion it is interesting 
to note that whilst the glucose tolerance is reduced, and sometimes greatly 
reduced, when determinations are made an hour and a Imlf after the cessa- 
tion of exercise, the tolerance may be but little altered from normal if 
glucose is ingested immediately after stopping the exercise, as is shown in 
fig. 3. Nevertheless, in this case, although urine secreted during the exercise 
never gave a positive Rothera reaction, urine passed at the end of 30 min. 
after taking the glucose always showed a strongly positive Rothera reaction, 
the ketunuria disappearing gradually during the next liour. As the 
ketonuria developed whilst the blood-sugar concentration was rising to 
its maximum this suggests that there can be no great increase in the 
oxidation of carbohydrate in the body during this period, which is thus 
in correspondence with the behavipur of the respiratory quotient. 

TriK REACTION TO INSULIN AND ADRENALINE 

Mills has tested on Douglas the effect of the intravenous injection of 
3 units of insulin both without preceding exercise and after exercise, and 
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found no appreciable diflFerence in the response save that in the latter case 
the return of the blood sugar to normal seemed to be a little delayed. 
In these experiments the blood sugar fell in about 20 min. to 45 mg./lOO c.c. 
while a dose of 5 units scarcely cause<l any greater fall. We therefore decided 
in the present series of experiments to reduce the dose of insulin to 2 units, 



Kto. 3. Subjoct Court ICC, Kffcct of* invest lou of 50 g. of glu(*os(' on the blooif-sngnr 
concontration, O Without |)ii»cc<tingoxcrcisc; x iiniiiodialcly uftf*r c»xcrci.s<'; 0 I J hr. 
lifter nxcrciHC. Kach curve uhows the average of thr<*o cxj>eriTiu*iitH. 

so that the full eflect could be followed witliont the risk that the blood 
sugar w'ould reach a level below w'hi<;li it could not he depressed. This dose 
never caused any appreciable symptoms in Douglas when he was reclining 
at rest, but (^lurtice always show-^ed characteristic symptoms of perspira- 
tion, slight faintness, and a trilling disturbance of vision. As be appeared 
to bo more sensitive than Douglas to insulin (he is 28 years younger) 
we reduced the dose to one unit in his case, and with this dose symptoms 
were barely appreciable while ho was at rest. 

Fig. 4 shows the results obtained on, the tw’^o subjects, in the one case 
without any preceding exercise and in the other an hour and a half after 
exercise. After the injection tif insulin the blood sugar remains constant 
for about 4 rnin. and then falls to its lowest level, of 50-55 mg./lOO c.c. in 
Courtice and 55-00 mg./lOO c.c. in Douglas, in about 25 rnin., to rise rapidly 
in the next 15-20 nrin. and then remain moderately steady up to the 
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6()th minute at a level slightly below the initial value. On the whole the 
behaviour of the blood sugar after insulin is practically identical, no matter 
whether the experiment is made without preliminary exercise or an hour 
and a half after exercise, although there is a little delay in the return to 
normal in the latter case with Courtice. 

In control experiments in which no insulin was injected, but samples 
for blood-sugar determinations were taken at the usual intervals, the 



Kkj. 4. Kffect of til** iutmvonoiiM mj<Hjtion of iiiBulin on iho blood -sugar concontration 
and roKpiratory cpiutiont. Domo of inMulin, 2 units for Douglas, 1 unit for Courtico. 
O Without preceding I'xrrcMHt*, • after oxereisc. Kach curve shows tho av'emge of 
two exptTiments. 


\ol i WVil. Ji. 
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re[»iratory exohange hardly differed appreciably from that found in normal 
|) 08 t-absorptive obricrvations on the Haino subject, except that sometimes 
Ihens was a slight temporary increase immediately after puncturing a vein 
to represent the insulin injection. The reH|)iratory cjuotient, too, remained 
unaltered. 

After insulin injection Courtice’s oxygen consumption in some cases 
showed a distinct, though inconsiderable, inc rease lasting for about 40 min., 
but in other eases no material alteration. Douglas showed much the same 


Tablk T. Averaok oxyoen (CONSUMPTION c.u./min. 

IX (CONSECUTIVE PEUIOOS OF 10 MIN. 


Uc'forc insulin 
After iiiHulin 


Before insulin 
After insulin 


Tnsulin ('xiKU-iinenta 
Courtico 


226 

222 

224 

223 

266 

266 

269 

260 

260 

253 

241 

238 

218 

239 

217 

240 


234 

234 

22H 

233 

246 

266 

239 

247 

229 

244 

233 

240 

244 

233 

237 

231 


205 

226 

202 

228 

225 

222 

2IK 

237 

213 

220 

220 

228 

221 

229 

218 

230 

Dougins 

238 

237 

228 

242 

240 

243 

24U 

240 

237 

234 

24r> 

227 

250 

234 

240 

236 


Control 


220 

— 

220 

206 

224 

226 

235 

224 

230 

231 

239 

226 

237 

226 

228 

234 


238 

227 

239 

230 

249 

246 

247 

236 

247 

226 

249 

227 

245 

229 

248 

225 


reaction. The results of one control and five insulin experiments on each 
Huhjcc't are shown in Table I. Notwitlistanding the slight or negligible 
alteration in oxygen consumption the resfiiratory quotient always showed 
a clear increase lasting for sumo time, an increase that was more evident 
in (^ourti(;e than in Douglas. This increase was a little greater in experi- 
ments without jireliminary exercise than in those after exercise : in other 
respects the behaviour of the cpiotient is the same in the two cases. The 
({uotient begins to rise about 15 min. after the injection of insulin in 
Cburtice’s case and reaches its maximum about the time that the blood 
sugar is at its lowest : in Douglas’s case it begins about the 8th minute and 
is still evident at the both minute. 
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Hirnsworth (1933, 1935), in his experiments on the influence of different 
diets on the reaction to insulin, has suggested that on a low-carbohydrate, 
high-fat diet there is evidence of reduced sensitivity to insulin since after 
the intravenous injection of insulin there is a longer delay before the blood 
sugar begins to fall, and the fall is slower and does not reach so low a level 
as in the case when the subject is living on a high -carbohydrate diet. 



Fio, 5. Subject Courticc. Effect of I unit of inHiilin intravenously on the blood-sugar 
concentration and respiratory quotient. Xo preceding cxercist*. O (’arbohydrato 
diot; • low-carbobydrato, higli-fut diet. 


As our experiments, as well as those of Mills, on the effect of insulin 
after prolonged exercise, gave no evidence of such ilecreascil sensitivity, 
we have tested on Courtice the influence of alteration of his diet. Fig, 6 
shows the effect of insulin injection in one case wlieii he had been living 
on a high -carbohydrate diet for fl days, and in the other case when ho 
had been living on a low-carboliydrate, high-fat diet, as described pre- 
viously, for 9 days. It will bo seen that in each case the blood-sugar con- 
centration remains steady for the first 4 min. and then falls at a similar 
rate to about the same degree, making allowance for the slightly different 
initial values in the two cases, althougli the subsequent rise of blood -sugar 
concentration is slower in the case of the low-carbohydrate, high-fat diet. 
There is therefore in this instance no evidence of decreased sensitivity 




52 F. il Courtice, C. G. Douglas and J. G. Priestley 

such as Himsworth found. The respiratory quotient again shows a tem- 
porary rise as a result of the insulin injection, although of course the 
quotient in experiments on a low-carbohydrate, high-fat diet is throughout 
at a much lower level than on a high-carbohydrate diet. 

The rise of respiratory quotient that occurs after the injection of insulin 
seems to us to imply an increased metabolism of carbohydrate, no matter 
whether it is an oxidation of carbohydrate or conversion of carbohydrate 
to fat. At all events it is not due to the formation of excess lactic acid 
with a resultant hyperpnoea, for in fig. 6 it will be seen that both the lactic 
acid content and COjj combining power of the blood remain practically 
unchanged while the blood-sugar concentration falls and the respiratory 

Table 11 


Uoforo inBulin 

Alveolar CO, 
prossuro 
mm. Hg 

42*5 

41*2 

Minutes after insulin : 

10 

42*1 

20 

41*3 

30 

41*0 

40 

42*3 

50 

41*7 

60 

40*8 


ciuotient rises. Nor have we been able to find any change in the alveolar 
CO 2 pressure suggesting that the change in the respiratory quotient may 
be due to a temporary disturbance of the breathing resulting from such 
a cause as the uneasiness due to slight symptoms of hypoglycaernia. Mills 
tested this on Douglas, and Table II shows the average results obtained 
witli ('ourtice in two cxj)eriment8, the alveolar samples being taken at 
intervals of 10 min. for the hour succeeding the injection intravenously 
of one unit of insulin. In both these experiments he experienced distinct, 
though slight, symptoms of hypoglycaernia between the 24th and 40th 
minutes, but his alveolar CO^ ])ressure remains unchanged. 

Insulin is but one of the endocrine secretions concerned with carbo- 
hydrate metabolism, and for comparison we have tested on ourselves the 
effects of adrenaline given subcutaneously, and of simult^aneous sub- 
cutaneous injection of adrenaline and intravenous injection of insulin. 
The general effects of adrenaline in this cemnexion, e.g. rise of blood 




Fig. 6. Effect of the intravenoiis injection of insulin on the blood'Sugar concentration, respiratory quotient, 
blood lactic acid (in mg.; 100 c.c.), and CO* combining power of the blood at 40 mm. COj pressure (in c.c. 
COs/lOO c.c.). Dose of insulin, 2 units for Douglas, 1 umt for Courtice. 
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sugar and formation of excess lactic acid are of course well known (cp. for 
instance, Cori, 1931). 

The results of our experiments are shown in figs. 7 and K, After the 
injection of 0-5 rng. adrenaline the blood-sugar concentration rises to 
a maximum of over 150 mg,/ 1 00 c.c. between the 30th and 60th minute, 
and does not regain its normal level until the lapse of 2-2^ hr. The respira- 
Uiry exchange rises in both subjects and gradually falls again during the 
course of the experiment. As we found that the disturbance caused by the 



Fi(5. 7. Subject Douglas. Effect of adrenaline, and of odronalino + insulin, on the 
blood sugar, blood lactic acid (mg./ 100 c.c.), C ()2 combining power of the blood 
at 40 mm. COj presaure (in c.c. CO,/ 100 0.0.), and respiratory quotient. • Adrenaline 
0*6 mg. subcutancoasly ; O ditto + 2 units of insulin intravenously. 
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withdrawal of blood from a vein in the arm for lactic acid analyses etc. 
caused an obvious temporary increase in the re8i)iratory exchange, wo 
have in these experiments never collected expired air samples during the 
10 min, immediately following the venepuncture so as to allow time fur 
this disturbance to sulfide. The results of a typical ex|)eriment on each 
subject are shown in Table III. 

The respiratory quotient shows a sharp initial rise wliich may reach 



Fia. 8. Subject Courtice. Effect of adnmalino, and of adrenaline + insulin, on the 
blood sugar, blood lactic acid (mg./ 100 c.c.), CO^ combining power of the blood at 
40 mm, COj presauro (in c.c. COg/100 c.c.), and respiratory quotient. • Adrenaline 
0‘5 mg. subcutaneously ; O ditto + 1 unit of insulin intravenously. 
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Table III. Average respiratory exchange c.c./min. 
IN CONSECUTIVE PERIODS OF 10 MIN. 



m 

8 

O. 

Courtice 

R.Q. 

COg 

0. 

Douglas 

B.Q, 

Before adrenaline 

168 

201 

0-84 

182 

231 

0-79 


185 

218 

0-86 

187 

232 

0-81 

After adrenaline 

256 

264 

101 

239 

274 

0*87 


220 

263 

0-87 

259 

268 

1*00 


221 

263 

0-84 

261 

270 

0*96 


— 

— 

_ . 

— . 

— 

— 


217 

275 

0-79 

224 

283 

0*79 


201 

261 

0-77 

208 

281 

0*74 


201 

200 

0*77 

190 

270 

0*70 


198 

259 

0*76 

184 

255 

0*72 


— 


— 

— 

— 

— 


201 

252 

0-80 

178 

247 

0-72 


206 

256 

0*81 

176 

236 

0*76 


— 

— 


— . 

— 

— 


198 

241 

0*82 

163 

210 

0*78 


189 

239 

0*79 

156 

197 

0*79 


unity : this is succeeded by a fall to a level distinctly below the initial value, 
reaching a nunimum in 1-1^ hr., followed by a gradual rise so that the 
initial value is often regained at the end <»f hr. 

The lactic aciid content of the blood rises considerably during the first 
half liour and subsequently decreases slowly to regain its initial value in 
2^ hr. 

The COg combining power of the blood behaves as would be expected 
from the variation of lactic acid content, falling at first and then gradually 
rising again until it roaches, or nearly reaches, its initial level. 

Figs. 7 and 8 also show the effect of the simultaneous injection of insulin 
intravenously and of adrenaline subcutaneously, the doses employed being 
0*5 mg. adrenaline uith 2 units of insulin for Douglas and 1 unit of insulin 
for Courtice. In fig. 7 (Douglas) the blood-sugar concentration shows an 
initial fall and recovery similar in time relations to the effect caused by 
the injection of insulin unaccomi)anied by adrenaline, save that the blood- 
sugar concentration falls to a minimum of only 80 mg./ 100 c.c. instead of 
60. After this transitory depression the blood-sugar concentration remains 
practically unchanged at its initial level for the remainder of the experi- 
ment. In spite of the fact that there is no material increase in the blood - 
sugar concentration, the changes in the lactic acid concentration and the 
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COj combining power of the blood, and in the respiratory quotient are 
practically the same as when adrenaline alone was injected, nor was there 
any difference in the behaviour of the oxygen consumption in the two 
cases. In fig, 8 (Courtice) there is the same transitory depression of the 
blood-sugar concentration, the lowest value reached being 70 mg./ 100 c.c. 
instead of 60-66 mg. which was found with insulin alone, and this is 
succeeded by a rise of the blood-sugar concentration to a level well below 
that found with adrenaline alone which slowly subsides. Here again there 
is no material difference in the behaviour of the lactic acid concentration, 
the COg combining power of the blood or the respiratory quotient from 
that found when adrenaline was unaccompanied by insulin. 

If 0*25 mg. adrenaline instead of 0-5 mg. were injected the results were 
of the same type as with the larger dose, the changes being merely on a 
smaller scale. 


Discussion 

In these experiments the point that we had in view was the possible 
association of the changes of respiratory quotient during and after pro- 
longed, though moderate, muscular work, which seem to be duo to variations 
of carbohydrate metabolism, with alterations in the activity of the endo- 
crine organs that can infiuenco carbohydrate metabolism. 

Taking the glucose tolerance testa as a whole it seems to us that the 
reduced tolerance which develops after firolonged exercise differs in no 
way from the reduced tolerance resulting from a diet poor in carbohydrate 
and rich in fat, and is due to similar causes. It is accompanied in both 
cases by a low respiratory quotient and ketonuria. Our present series of 
experiments therefore supports the conclusion, reached by Courtice and 
Douglas previously, that while it is impossible to exclude tfio conversion 
of fat to carbohydrate as a contributory cause of the persistent low respira- 
tory quotient observed after prolongeil exercise, by far the more important 
factor appears to be the diminution in the ratio of carbohydrate to fat 
oxidized, and the same factor may be expected when the proi)ortion of 
c*arbohydrate to fat in the diet is reduced. 

Wo cannot at jiresont offer any explanation of the fact that if Courtice’s 
glucose tolerance is tested immediately after muscular exercise the curve 
is almost the same os the normal one when there has been no preceding 
exercise, and there is dearly a delay l>efore the characteristic reduction 
becomes evident. It may bo due to the persistence of endocrine activity 
promoting carbohydrate metabolism during muscular work, but this is 
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hardly compatible with the fact that ketonuria develops during the first 
half-hour of the test. The matter seems to need more detailed investigation 
of the conditions during transition from work to rest. 

The experiments described in this paper have been made on but two 
subjects, and we must emi)ha8ize the fact that the results are bound to 
vary with the individual. Mills has shown that he has quite a different 
typo of tolerance curve, and that an amount of muscular exercise which 
is invariably followed by ketonuria in (yourtico and Douglas causes none 
in him, nor docs it cause any sensible alteration in his tolerance curve. 
I'koso differences he ascribed, probably rightly, to the fa(!t that his normal 
diet is rich in carbohydrate. 

In spite of the reduction of glucose tolerance there was no evidence 
that the tissues were rendered less sensitive to an intravenous injection 
of insulin either by preceding exercise or, in (^ourtice’s case, by a low- 
carboliydrate, high-fat diet, since the blood-sugar concentration fell at 
the same rate and to the same degree as in normal tolerance ti^sts altliough 
its subsocpicnt rise was slightly slowed. 

Cori and Cori (1928) state that insulin causes no change in Calorie output 
but the isodynamic replacement of fat by carbohydrate oxidation. In 
following the respiratory exchange in detail wc found but slight and in- 
constant effects on the oxygen conHum[)tion after small doses of insulin, 
on which we lay no stress, but there was invariably an increase in the 
respiratory quotient, more obvious in Courtice than in Douglas. Such 
an increase is only to be expected from the work of ])reviou8 observers. 
In our own case we have argued above that this rise of quotient is probably 
determined by an increased metabolism of carbohydrate, and, tempting 
though it may he to suggest that the slight but maintained rise of quotient 
so often noted during continued muscular work of moderate severity may 
l>e dependent on a correlated increase in the secretion of insulin, there 
are difficulties to be faced before this view can be maintained. These 
difficulties involve not so much the actual magnitude of the change of 
quotient after a single intravenous injection of insulin as the time relations 
of this change and the fact that it is accompanied by a great fall in the 
blood -sugar concentration. 

The latter difliculty must not however be overstressod for during muscular 
work other factors may help to combat the fall in blood -sugar concentration 
which would otherwise ensue from an increased secretion of insulin, and 
it may be relevant to point out that Christensen (1931) and Boje (1936) 
have found that the untrained subject may show a fall in blood-sugar 
concentration in the earlier stages of continuous, though moderate, muscular 
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work before there is any question of fatigue, and that in Boje’s experiments 
this fall is accompanied by a rise in the respiratory quotient. 

If a single intravenous injection of insulin is given to Courtice and 
Douglas whilst at rest the respiratory quotient does not begin to rise for 
some 15 and 8 min. respectively, it reaches a level which is maintained 
for a short time and then falls rather slowly. It may be thought that 
tliose changes are too slow in development and subsidence to explain the 
normal changes of quotient during moderate muscular w^ork. Just after 
the beginning and cessation of muscular exercise it is difficult to assess 
the influence of an alteration in the proportion of carbohydrate to fat 
oxidized on the respiratory quotient since other factors are operative w hich 
themselves affect the quotient. We need only mention two of these, 
firstly the rise of body temperature that takes place when muscular work 
begins and the fall that ensues when w^ork stops, and secondly the fact 
recently demonstrated so clearly by Bang ( 1936 ) that even in moderate 
muscular work excess lactic acid is formed in the first few minutes, pre- 
sumably during the time recpiirccl for the circulation and respiration to 
reach an equilibrium with the new condition of raised metabolism, but 
that if the muscular work is continued this ex(!css may disay)])ear so that 
a little later on we may find no more lactic acid in the blood than during 
normal rest. 

An injection of insulin during actual muscular work shows, however, 
that the resultant effects develop more rapidly and to a greater degree 
than during rest, possibly because of the increase in the circulation rate 
and the alteration in the distribution of blood to the tissues. The effect 
on Oourtioc’s blood-sugar concentration of an intravenous injection of one 
unit of insulin while ho was doing steady w^ork on the bicycle ergomcf>cr 
at the rate of 430 kg.m./min., involving an oxygen consumption of about 
1000 c.c./min., is compared in fig. 9 with those of a normal experiment at 
rest (taken from fig. 4). The contrast between these tw*o experiments is 
striking. After the same initial lag in the tw^o cases the blood-sugar con- 
centration falls far more sharply, and rises again much more ray)idly, in 
the work than in the rest exi)oriment. In the work experiment tlio blood- 
sugar concentration fell to 39 mg./lOO c.c. at the 12th minute, and to 
34 mg, at the 10th minute, as compared with the figure of 50 mg./lOO c.c. 
at the 24th minute in the rest experiment, Hypoglycacmic symptoms 
were hardly ap}>rcciablo at rest, but in the work experiment they were 
very severe in the form of profuse perspiration, faintness, distm-bance 
of vision and diminution of hearing, which passed off fairly rapidly as the 
blood-sugar concentration rose again. Lawrence ( 1926 ) and Biirger and 
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Kramer (1928) drew attention to the fact that the fall of blood sugar after 
the subcutaneous injection of insulin in the diabetic is enhanced by 
muscular exercise, and this has been confirmed by general clinical ex- 
perience. In the course of our experiments we gained a clear impression 
that a dose of insulin which causes no symptoms, or practically none, 
when the subject is at rest may cause quite x>erceptible symptoms if the 
subject moves about a little even though he does no active exercise. 

Other endocrine secretions besides insulin influence carbohydrate meta- 
bolism, and adrenaline, with its power of mobilizing liver glycogen, is 
generally supposed to be an important factor during muscular work. We 



Fto. 9 . Subject Coiirtjco. Effect of 1 \mit of ixhsuliri iritravcnoualy on the blood -sugar 
concentration. O At rest; • during iiiUHcular cxorciso. 

might therefore oxpe(*t that insulin would have a more effective action 
on the respiratory quotient in the presence of increased adrenaline secretion. 

Our own results are in complete agreement with the well established fact 
that adrenaline injection results in hyperglycaemia and excess lactic acid 
formation, as well as with the demonstration by Cori and others (1929, 1930) 
that if insulin is given simultaneously with adrenaline the rise of blood -sugar 
concentration that would occur with adrenaline alone may be greatly reduced, 
if not prevented entirely, without any significant change in the accumula- 
tion of excess lactic acid. Most other observers have found that adrenaline 
increases the metabolism. In our experiments the subcutaneous injection 
of adrenaline is constantly followed by an increased oxygen consumption 
which is evident for 2 hr. or longer, and is unaffected by the simultaneous 
injection of insulin. It is quite different from the inconstant results which 
we found with insulin alone. It is however the behaviour of the respiratory 
quotient that has principally interested us. 
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The changes in the respiratory quotient shown in our experiments after 
the injection of adrenaline alone the quick rise, the succeeding fall to 
a level below the resting normal, the final slow recovery— are characteristic, 
and entirely different from the change found after insulin injection. It is 
the classical picture which we have learnt to associate with the accumula- 
tion of excess lactic, or other non-volatilc, acid in the blood, and the 
subsequent disappearance of this excess. It corresponds with the changes 
in lactic acid concentration and in the COg combining power of the blood, 
and a sufficient explanation can thus be offered to account for the facts. 

When the subcutaneous injection of adrenaline is accompanied by the 
intravenous injection of insulin the changes of lactic acid concentration 
in the blood and of the respiratory quotient appear to be precisely the 
same as when adrenaline is injected alone, in spite of the fact that the rise 
of blood-sugar concentration is considerably reduced if not prevented, and 
the explanation of the change of quotient might w^ell be the same in the 
two cases and depend merely on the formation and disajipearance of excess 
lactic acid. 

Calculation of the average respiratory quotient as shown in I’able IV 
for the whole period of 2| hr. after the injection of adrenaline or of 


Table IV 

Average n^spimtory 

Average rpHpiratory oxehango c.c./inin. for 

oxchango c.c./inin. btjforo ontiro i«*nod of hr, 

inji^ction after injection 



CO, 

<>. 


CO, 

o. 

B.Q, 



Courtico 





U 5 mg. adrenaline 

177 

210 

0*84 

209 

267 

0*81 

0*5 mg. adrenaline 

169 

201 

0-84 

197 

239 

0-82 

O' 5 lug. adrenaline 

176 

204 

0-86 

212 

252 

0*84 

+ 1 unit insulin 


Douglas 





0*5 mg. odri'iialine 

1H5 

232 

0-80 

202 

264 

0-80 

0*5 tng. adrtmuliiie 

182 

227 

0*80 

210 

267 

0-79 

0*5 mg. adrenaline 

180 

215 

0-84 

208 

252 

0-83 


+ 2 units iiiHiilm 


adrenaline + insulin shows that this, in Douglas’s case, is practically identical 
in each instance with the tircliminary (|Uotient, and it looks as though the 
initial rise of quotient is exactly compensated by the subsecpient fall. 
With Courti(!e the average quotient after the injection is rather lower than 
the preliminary figure. This might suggest that in these circumstances 
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there in no evidence from the ehungCH of quotient of an increased oxidation 
of carbohydrate attributable to insulin, but that the variation of quotient 
dei^ends solely on a lactic acid efteet, and even that adrenaline exercises 
an inhibitory effect on carbohydrate oxidal ion which is otherwise promoted 
by insulin. 

The experimental results do not however warrant so definite an attitude. 
When insulin is injected alone the rise of respiratory (piotient is neither 
considerable nor long lasting. If an effect on the quotient of the same order 
as that shown in figs. 4-(i were also present in the earlier period of the 
experiments with adrenaline + insulin, it would be masked by the lactic 
acid effect on the quotient if this were calculated over so long a period as 
hr., since it might cause a change <jf no more than O'Ul in this average 
quotient. In spite of the striking similarity in the behaviour of the 
respiratory quotient after adrenaline alone and after adrenaline + insulin 
which suggests a common explanation, the possibility that insulin may 
contribute in minor degree to the rise of quotient cannot be excluded, 
although there is no indication that the adrenaline has substantially 
increased the effect of insulin on carbohydrate oxidation. 

The hyjierglycaemia and excess lactic acid formation seem to be two 
independent factors in the sense that insulin checks the former without 
materially affecting the latter. It might *be thought that the advantage 
gained during muscular work by the mobilization of liver glycogen would 
be offset by the concurrent formation of excess lactic acid, but though 
lactic acid formation is the invariable accompaniment of siurh doses of 
adrenaline as we have used (\)ri, Cori and Buchw^aJd (1930) have found that 
if the dose of adrenaline is small enough there may be a slight rise in the 
blood-sugar concentration without a detectable (*hango in the lactic-acid 
content of the blood. While therefore the mobilization of liver glycogen 
by adrenaline may be an important factor during muscular work, we have 
been unable to find any indication in our experiments during rest that 
the mere fact of such mobilization causes any significant increase in the 
ratio of carbohydrate to fat oxidized even wdien insulin is given at the 
same time. 

Dill, Edwards and de Meio (1935) have found that a subcutaneous 
injection of 0*5- 1*0 mg. of adrenaline during muscular work increases the 
respiratory quotient and the concentration of glucose and lactic acid in 
the blood. They conclude that the rise of quotient is mainly due to an 
increase in the proportion of carbohydrate oxidized, biit in view of our 
own work w^e feel that a far more detailed analysis of the wliole of the 
circumstances is reepnred before such a conclusion can carry conviction. 
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Summary 

J. Detailed observations have been made on two human subjects. 

2. During rest after prolonged museular work of mo<lerate severity, 
when tliere was a persistent low respiratory quotient and kelonuria, thei*e 
was a reduction of glucose tolerance w4nch seems to bo the same as that 
found without j)reoeding exercise simply as a result of living on a low- 
carbohydrate, high-fat diet. I'his supports the conclusion tliat the main 
cause of the persistent low quotient after prolonged work is the low ratio 
of carbohydrate to fat oxidized. 

3. The reduced glucose tolerance resulting from a low-carbohydrate, 
high-fat diet, as well as that shown after prolonged muscular work, was 
not accompanied by any significant difference in the response to insulin 
injected intravenously, 

4. In the resting subject the temj>orary fall of blood -sugar concentration 
caused by intravenous injection of insulin was accompanied by a rise of 
the respiratory quotient which appeared to signify an increase of carbo- 
hydrate Tiietabolism. There was no accumulation of excess lactic acid in 
the blood, and the effects on the oxygen consumption were slight and 
inconstant. 

5. Subcutaneous injection of adrenaline caused an increase in the oxygen 
consumption. The respiratory (piotient showed a characteristic change 
which could be explained by the accumulation and disa])t>earance of excess 
lactic acid which accomxjanies the hyjjerglycaemia, without postulating 
any alteration in the oxidation of carbohydrate. 

(). After the simultaneous injection of insulin and adrenaline the changes 
in blood-sugar concentration were diminished, but the changes of lactic 
acid concentration in the blood and of the respiratory quotient were prac- 
tically identical witli those after adrenaline alone. 

7. The bearing of these experiments on the question of the jjossible 
significance of insulin and adrenaline secretion during muscular work is 
discussed. 
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The directional sensitivity of the retina and the 
spectral sensitivities of the rods and cones 

By W. a. Stiles, The National Physical Laboratory 

(Pommnnicaied by Sir Herbert Parsons, F.R.S. — Received 27 October 1938 — 
Revised 28 November 1938) 

1. [ntroduction 

It ia now well established that light rays of the same spectral character 
and ])hysical intensity entering the eye through different points of the 
pupil may ])roduce visual impreRsions which differ in brightness and colour 
even though the patch of retina stimulated (the fovea) is kept the same.* 
Kays entering the eye througli different points of the pupil and terminating 
on the same point of the retina are incident on the retina in different direc- 
tions. Also, they have traversed different ])aths in the refractive media 
of the eye aiul may have suffered different losses by absorption, s(*attering 
or reflexion. It lias been shown, however, that differences in the light losses 
in the refractive media do not account for the observed variations in visual 
response, whi(»h must thei*efore be attributed to variations in the reaction of 
the retina to light incirlent on it in different directions or, briefly, to a 

* See Stilos nnd Crnwfoni (1933), D/iobek (1934), Wright and Nelson (1934). 
(hxxleve (1936), Stilos (1937) an<l Cniwftnil (1937). 
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directionial sensitivity of the retina. Further evidence that this is so is given 
later in the paper (p. 81). 

The first measurements of the directional sensitivity of tiio retina w^ero 
made by photometric methods. The rays from one [>art of a photometric 
matching field entered the eye as a narrow fiencil through a fixed point of 
the pupil. The point of entry of the j^ncil of rays from the other part could 
bo varied. The intensity of this ])encil could also bo varied so as to bring the 
two parts to equality of brightness. Thus it was possible to deiennino the 
relative physical intensities of rays entering through different points of the 
pupil and ])roducing the same subjective brightness. The reUtfive Inwifwus 
efficiency y of a ray entering through a particular point of the pupil was 
defined to be inversely proportional to the pliysical intensity required to 
produce a given subjective brightness. It was found (a) that the relative 
luminous efficiency is maximal for a certain ])oint of entry P^f which is 
generally situated near the centre of the pupil, (6) that if y is put e^iual to 
unity for a ray entering at Pm then its value for a ray entering at a point P 
displaced rinrn. from Py^ is given approximately by the expression 
y “ where /> is a constant ecpial to about O-05, (c) that the value 

of p shows a small systematic variation with wave-length, being greatest 
in the blue, less in the red and least in the yellow. It was also found 
that the colour impression i)rodueed by monochromatic light of given 
wave-length varies as the point of entry of the ray is traversed across the 
pupil. 

The results summarized above all refer to foveal vision of a photometric 
or <;olorimetrie mat(;hing field. A different apf>roach to the problem of 
retinal sensitivity is provido<i by the moaHureiitont of absolute thresholds 
and difference thresholds. In recent work a type of threshold measurement 
has been devtJoped on the following lines. I^he eye views a given distri- 
bution of brightness (the conditioning stimulation) and at a given instant, 
an additional stimulus (the te.st stimulus) is applied over a given area of the 
field for a given time. The subject signifies whether or not the application of 
the test stimulus calls forth any visual impression. No analysis of the 
visual impression by the subject is required. He has not to decide, for 
example, whether he perceives a change of brightness or of colour. By 
successive trials using different intensities of the test stimulus, it is possible 
to determine the intensity at which the subject has a 50 % chance of 
perceiving the test stimulus. The intensity so obtained is termed the 
liminal brightness incremenf (l.b.i.). Usually the test stimulus is a small 
patch of light ex[)osed for a brief interval of time. With the same con- 
(litioning stimulation, the variation of the l.b.i. with a property of the tost 
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stimulus such as its angular size, its exposure time or, for a monochro- 
matic test stimulus, its wave-length, can be studied. In addition the effect 
of changes in //le comUtionirig stimulation may be determined. For the 
purposes of this pa,x>r retinal sensitivity wUl be defined as the reciprocal of 
the I.b.i. 

Measurements of the J.b.i. are much less precise than photoraotne 
iiioasurenients of brightness. On the other iiamJ, tlie I.b.i. can be deter- 
mined for any retinal area, fovea I or extrafoveal, and the eye need not be in 
a steady state. 'J'he test HtiniuJiis will not ing(?neral disturb appreciably the 
state of adaptation of the retina. 1'liis is a valuable feature of the method, 
enabling us to determines, for example, the sensitivity of the retina to light 
of one wave-lengtfi when it is ada|)ted to light of another wave-length. 

In the present investigation the directional sensitivity of the retina has 
been studied by determining the variation of the I.h.i. as the position in the 
pupil of the point of entry of the rays constituting the test stimulus is 
varied, iloth foveal and [)arafoveal vision of the test stimulus were em- 
ployed. 'rhe conditioning stimulation c*onsisted of a uniformly bright 
circular patch of light at the centre of which the test stimulus was applied. 
The case in which both test stimulus and conditioning stimulation are of 
white light has alrea<ly been examined by Trawford (1937). In the present 
measurements, small bands of the spectrum were usetl for both test stimu- 
lus and conditioning stimulation, (^rawfonrs results and those of the 
present paper show that the ilirectional sensitivity of the j)arafoveal retina 
is very different for conditioning stimulations of high and low brightnesses 
respectively. This difference is here attributed to a transition from rod to 
cone vision as the brightness of the conditioning stimulation is raised. 
For tnany of the observations w^e are able to say whether the test stimulus 
was perceived by rod or by cone vision by considering the way in which the 
I.b.i. varies with the wave-length of the test stimulus and the intensity and 
Avave-length of the conditioning stimulation. 

The directional sensitivity of the foveal retina shows small but definite 
variations with the brightness of the coilditioning stimulation which appear 
only for certain combinations of the w^avc-lengths of test stimulus and eon- 
<litioning stimulation. These variations arc attributed to transitions from 
vision by one tyi)e of cone to vision by another type. It proves jwssible to 
distinguish between perception of the test stimulus by different types of 
cone in foveal vision in much the same way as we ilistinguish between 
perception by rods and by cones in parafoveal vision. In the process, we 
obtain information about the spectral sensitivities of the different tyiws of 
cone. 
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2. The subject’s conditions of observation 

The subject sat in a curtained enclosure and maintairiod his head in a 
tixed position by biting on a sealing-wax bit which was rigidly attached to 
tlie apparatus. He observed with one eye only, the other eye being covered 
with an eye shade. His field of view for parafoveal and foveal observation 
of the test stimulus is shown diagrammatically in figs, la ami 1/; respec- 
tively. For parafoveal observation, Jio directed his gaze at one of the two 
feeble ])oint8 of light and (fixation jjoints), the one not in use being 
removed from the field. For foveal observation, he looked towanls the 
centre of the square of 3 ' side defined by the four feeble points of light 
-^4 (^orientation points). The test stimulus 8 appeared to him as 
a square patch of light of side, ex|)osed for 0*003 sec. at njgular inter- 
vals once in every 3*0 sec. For foveal observation, the test stimulus 
appeared at the centre of the square N.^ and for ]jarafo veal observa- 
tion at a point separated by S"' from the appropriate fixation point and in the 
[position 8 shown in the figure. An audible signal, rc[)eated just after each 
exposure, marked time for the subject. I’he subject held in his band two 
keys, one of winch ho operated when he })erceived the test stimulus and the 
other when he failed to do so. 

The conditioning stimulation apjicared to the subject as a uniformly 
bright and approximately circular patch of light of diameter 10" (the central 
field C), outside which the brightness of the field was zero. In an im])ortant 
spc<*ial case the brightness of this central field was also zero. The test 
stimulus always ajipeared in the centre of the central field. 

Prior to the commencement of a series of measurements the subject 
remained in the dark for a iicriod uf) to 1 hr. depending on the nature of 
the moosurenionts. The pupil of his observing eye was dilated when 
necessary by administering a few drops of a 5 % solution of euphthalmine 
hydrochloride about 1 hr. before the measurements. 

3. Ai’PARAtos and method 

The main principle of the apparatus is made clear by fig. 2. A parallel 
beam of liglit provided by 8|)eotrometcr 11 is partially transmitted by the 
cube G and is brought to a focus in the piano of the subject’s pupil at O by 
the lens I’his beam is seen by tht? subject as a uniformly bright fiatch of 
light which forms the central field of the conditioning stimulation. A 
parallel beam from spetsirometer 1 is delimited by a square aperture in the 
diaphragm Tq, is partially reflected at the diagonal surface in the cube C 

5-2 
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and i8 finally brought to a focuH in the piano of the subject’s pupd by the 
lens L3 . The diaphragm is so placed that the subject sees a virtual image 
of the squai'e aperture at infinity. This image forms the test stimulus. It is 
important to note that in the area of the field of view occupied by the test 
stimulus, the eye rticeives radiation from both the tost stimulus and the 
conditioning stimulation ; thus in this sense, the test stimulus is added to or 
superposed on the conditioning stimulation. The fixation and orientation 
points are introduced from the aide by reflexion in a thin plain glass plate M 
inserted in the j)arallel beam from spectrometer 11 . The rays forming a 
|)articular fixation or orientation point are reflected by M to form a real 
image in the jilane K which is the focal plane of the lens L^, This real image 
when seen through the lens Z/g api)ears to tlie subject as a virtual image at 
infinity. 

By slight rotations of the (*ubo C the tost stimulus beam can be sent into 
the eye through different fioints of the pupil, while the point of entry of the 
beam forming the central field remains practically unchanged. After sucli 
a rotation of cube C\ the diaphragm 73 must be readjusted by a displace- 
ment in its own ])lano to rcHt«)re the test stimulus to its original position in 
the subject’s field of view. 

A diagram of the complete ap{)aratus is shown in fig, 3 . As the apparatus 
differs little from that described in a previous paper (Stiles 1937), it will 
suffice to indicate its main features and such changes and additions as have 
been made. 

Images of the ribbon filament source are formed on the entrance slits 
of the two spectrometers I and 11 . The rays from the exit slit of spectro- 
meter I fiasH througli the continuous wedge IVi and the step-wedge and 
are rendered parallel by the lens - The rays from the exit slit of spectro- 
meter II pass through the eontinuous wedge and are rendered parallel 
by lens The two parallel beams from the spectrometers are then focused 
to give images and of the respective exit slits at the subject’s eye, as 
already explained. The auxiliary optical system — enables the 

relative [xisitions of the slit images to be determined without disturbing the 
subject. 

At a shutter is interposed in the beam of sjKsctrometer 1 . The shutter 
c;oiisists of two rotating disks geared together so that one rotates three 
times for each rotation of the other. There is an indentation in the peri- 
phery of each disk and light is passed by the shutter only when the two 
indentations come into coincidence opposite the entrance slit of the 
spectrometer. The width of the indentation in the faster disk, the radius of 
this disk and its s|)ced of rotation determine the exposure time of the tost 
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a b 

Fid. 1. Subject's field ofview (a) for parafoveal, 
(6) for foveal observation. 



Kio. 2. Diagram showing the principlo of tho 
ineaHuroments. 



Fig. 3. Diagram of tho apparatus 
(not to scale). 



Fig, 4. Derivation of A* 




Fig. 5. Directional sensitivity of the dark- Fig, 6. Diroctional sensitivity of tho dork- 
adaptod parafovea (fixation point adaptf^i fovea. 
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stimulus. The use of two disks in this way, rather than a single disk, gives a 
shutter of higher efficiency. The slower disk carries contacts o|)erating a 
buzzer once in every 3-6 sec. 

The thread controlling the position of the step wedge is connected to 
a carriage moving on rails across a wide 8 tri|) of recording paper which is 
given a slow motion in the direction of its length. Two pens, marking in 
different colours and operated by the keys in the subject’s hands, are fixed 
to the cjarriage. Between suc<iessive exi>osijres of the test stimulus the 
carriage is moved to bring different steps of the wedge Wg into the beam so 
that on the paf)cr a record is obtained of the subjec't’s responses to different 
intensities of the test stimulus. 

Stray light filters and neutral filters can be inserted in the beam of 
spectrometer T, of spectrometer II or in the common beam at ij, in, 
respectively. 

The fixation or orientation |)oints are obtaiTied in the following manner. 
An opal lamp ])laced at the focus of lens is imaged at the focus of the 
similar lens the image being at the focus of lens so that fijially an 
image of the lamp is fonned on the eye by the lens L 3 . Between lenses 
and Lq a metal diaphragm is inserted containing one or four small holes 
(fixation or orientation points i*eHpectively). The images of these holes 
formed by lens are arranged to lie in the focal ])lane of lens 
(allowing for n'Hc'ction in M) so tfiat the subject sees the fixation or 
orientation points at infinity. A resistance enables the subject to adjust 
the intensity of the lamp and (colour filters can be inserted in the beam 
if required. 

The positioning of tlio eye with respect to the slit images and < 0 ^ and 
the measurement of tlie separation of and oig were carried out by methods 
similar to those previously described. When filters were inserted at a 
slight displacement of the images and usually occurred. Tlie images 
were restored to their corn^ct {>ositionH by a suitable shift of the lens in 
its own plane. 

Tlie method of calculating the intensities of the areas of the subject’s 
field of view illuminated by the two spectrometers w'as the same os in the 
previous investigation. The calculations yield the values of the following 
quantities : 

V\ - the flux of radiant energy of wave-length A, expressed in orgs/sec., 
received by the eye from spectrometer 1 during the exposure of the test 
stimulus, divided by the angular area of the test stimulus expressed in 
square degrees. (For brevity will be referred to as the “energy” of the 
test stimulus.) 
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= the flux of radiant energy of wave-length //, expressed in ergs/sec., 
received by the eye from spectrometer TI divided hy the area in square 
degrees of the field illuminated by spectrometer II. will be referred to 
fis the energy of the central field.) 


Corresponding to and , the c()nventional photometric brightnesses 
B\j and of the test stimulus and ctmtral field are derived from the 
relations : ^ ^ ^ 


]i„. = 2-02xWW^V^,, 

where and are the values of the standard relative hnninosity factor 
for wave-lengths A and // respectively. Bj'j is defined as the brightness in 
candles per square foot which, if viewed through an artificial pupil of area 
10 8(j. mm. by an eye j^ossessing the standard curve of relative luminosity, 
would match in brightness the test stimulus as seen by a similar eye in the 
actual apparatus. B^y is similarly defined.* 

The spectral purity of the light in test stimulus or central field is specified 
hy the wave-length difference AX or A/i between the extreme limits of the 
s()ectrum band passed by the S[)e<*trometer. In general, AX and A/i had 
values of the order of 15 and 30 m// respectively. Parasitic light of wave- 
length lying outside the desired band w'as reduced to an unimportant 
amount by the use of coloured stray -light filters. 

For the exit slit of spectrometer T a fixed slit of height 0*50 min. and 
width 0'48 mm. was used for all the mcasureinents. The image oq of this 
slit had the same dimensions. For the entrance slit, fixed slits of various 
widths were used. The slit height of siicotrometer 11 was either approx. 
0-50 or 2-20 mm. The continuously variable symmetrical slits were ad- 
justied as required. 

The calculations of and wore made assuming the slit widths so 
small that slit-width corrections could be neglected. 


4. Derivation ok the limtnal brightness inc rement from the 

RECORD OK THE SUBJECT’S RESPONSES 

The logarithm of the energy of the test stimulus during a measurement 
of the l.b.i. may lie ex{)resse<l in the form 

* B'g and B,, can bo obtained m terms of photons by replneing the factor 2-02 x 10* 
by 218x 10*. 
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where (U^x)o (energy when tlio step wedge W 2 was removed from the 
beam the other conditions remaining unchanged, and is the optical 
density for wave-length A of the nth stop of u^edge W^, If the subject 
recorded “seen” M times, and “not seen” N-M times when a particular 
step of was in the beam, then / = M/N may be regarded as an approxi- 
mation to the probability of seeing the test stimulus for that particular 
energy. Determinations of / for a series of consecutive values of n gave a 
graph of / against from which the l.b.i. could be derived. Examples of 
such graphs are shown in fig. 4. In each case five exposures w^ero made at 
each step, i.e. N = 5. The density difference between consecutive steps 
equalled approximately 0-07 but varied slightly with \vave-letigth. The 
S-shaped curves drawn in fig. 4 arc all of the form : 

S=l\l-P{h(A,-A)}\fovA,>A 
’ J[H-/*{A(/d„-/l)}] for A„< A, 

ill which is allowed to vary continuously, A and h are constants, and 

2 . 

P{x} is the probability integral -^-1 e' A relation between / and A^ of 

this form is to be expected if the following conditions hold: 

(i) when the test stimulus is exposed there is a critical intensity which 
must be exceeded if the subject is to record “scon”, 

(ii) the critical intensity varies from exposure to exposure in a random 
manner about an average value corresponding to a density in the beam 
equal to A, 

(iii) if A\ /I”, A”\ etc. are the densities corres])onding to the critical in- 
tensities at the instants of different exposures, then A\ A'\ A”\ etc., form a 
Gaussian distribution about a mean value A with a modulus of precision h. 

In most cases an S-shaped curve of the above form c‘ould be fitted to the 
plot of / against A^ with the measure of agreement illustrated in fig. 4. 

Tn practice, tracings of the theoretical S-sha[)ed curve corresponding to 
different values of h were jirepared. The traced curves could be placed in 
turn over the experimental gra|)h of/ against /!„ and the pair of values of h 
and A giving the best fit could be determined “by inspection”. 

The energy of the test stimulus corresponding to the density value A 
is given by the relation 

log,0?/A = lOgl0(t^A)0-‘4. 

is the energy of the test stimulus at which the subject’s response is as 
likely to be “seen” as “not seen”, is accepted as the value of the l.b.i. 
yielded by the measurement. Corresponding to each determination of 
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we obtain in A an eHtimate of the sharijness of the liminal value, or of the 
extent to which the critical intensity referred to in (i) above varies from 
exposure to exposure. 

In the first measurements a determination of the l.b.i, was based on sixty 
exposures, made up of five exposures each of nine consecutive steps of 
wedge which were known from a preliminary rough setting by the 
subject to embrace the liminal value, together with fifteen blanks (test 
stimuli of zero intensity). The sixty exposures were presented in random 
order. It was soon found that a “seen’’ response to a blank was obtained 
only very rarely. For the bulk of the measurements the stimuli were pre- 
sented in order of decreasing or increasing intensity, the step wedge being 
moved one step after eacli exposure. Each succession of exposures covered 
the range from “certainly seen” to “certainly not seen” or vice versa. 
Three successions of exposures with increasing intensity and two with 
decreasing intensity completed the measurement. No blanks wore included . 
Tests show^ed that this method gave about the same values of the l.b.i. as 
the first method but the precision was a little better; it imposed less strain 
on the subject and called for a less precise preliminary setting. It was 
adhered to for all the subsequent measurements. 


5. Specification of tub diuection ok incidence of 

A RAY ON THE RETINA 

The direction of incidence on the retina is tlie effective variable deter- 
mining the change in retinal response when a ray enters the eye through 
different points of the pupil. As in previous work, this direction will be 
specified indirectly by giving the position of the point of entry of the ray 
in the pupil or rather in the apparent f)upil, i.c. the pupil seen from 
outside the eye. The ray entering through the centre of the apparent pupil, 
and terminating on a given retinal point may be regarded as defining the 
normal to the retina at that point. Any other ray entering the apparent 
])upil at a point d mm. from the centre and terminating on the same retinal 
point will strike the retina at an angle of incidence (i.e. at an angle with the 
normal ray) equal to 2-4d deg. This result is only a rough approximation 
appli(*able for an average normal eye and for retinal points at or near the 
fovea. Since for the fully dilated iminl d may liavc a value up to about 
4 mm., we are dealing with the effects of changing the angle of incidence 
from 0° to about 10'’. 

There are practical advantages in. keeping the point of entry on the 
horizontal diameter of the apparent pupil and this has been done in all the 
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present measurements. Thus we require only one variable, namely rf, the 
distance in mm. from the point of entry to the centre of the apparent pupil, 
d is taken as positive when the point of entry is on the temporal and 
negative when it is on the nasal side of the centre. It is easy to show that 
when the relative luminous efficiency rj can be represented by the expression 
lO '"’*, where r is the distance in mm. of the actual point of entry from the 
f>oint of entry giving maximal luminous efficiency, then the variation 
of Tj across the horizontal diamettT is represented by the analogous ex- 
l)rc88ion 10 where p has the same value as before and defines 

the position of the point of entry which gives a greater luminous efficiency 
than any other point on the liorizorital diameter. 

The pupil is not a fixed structui’e in the eye. Its diameter and, possibly, 
tlio position of its centre change with the lighting conditions. It appears 
fnmi the present measurements that, when dilated with a mydriatic, the 
pijjnl does not always assume the same diameter. The centre of the dilated 
pupil has been found to shift slightly to mm.) during the course of a 
series of measurements. These vagaries are unfortunate for the present 
purpose.* 


(1. Rksulth. Central field of zero bbtghtness 

All the measurements rei)ortod refer to the wTitor’s left eye. This is a 
slightly hypcrnictropi<! eye (fO*5Sph. — 0-25(yyl. 130®) and a normal 
trichromat belonging to Abney and Watson’s Class I (rod-free fovea). The 
examination of other eyes was deferred until the results of the present work 
should have indicated the points nu'riting spet'ial stmly. 

Wo consider first the case in which the subject’s field of view was com- 
pletely dark save for the fixation or orientation points and the flashes of the 
test stimulus. Prior to every scries of moasuretneuts the subject remained 
for about 1 hr. in the dark. Thus the observations were made with the 
dark-adapted eye. Fig. 5 shows, for five wave-lengths of the test stimulus, 
the variation of the logarithm of the l.b.i. for 5® parafoveal vision (fixation 
point F|) os the point of entry of the rays was moved across the horizontal 
diameter of the apparent pupil. Each plotted point is the mean of two or 
more values obtained in independent runs. In each run half the points 
were obtained in a traverse from nasal to temporal, tlie other half in a 
traverse in the reverse sense. At present we are concerned only with the 

• A method of spwMfymK point of entry independently of tho pupil has boon 
Huggestod to tho writer by Professor Kartndgo, Tlio proposal is to use as a fixed point 
of reference in tho eye tho reflected image in tho cornea of a distant light on which the 
subject fixates. 
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variation of logiQ^/^ and an arbitrary constant has been added to the 
absolute values for each curve to give a convenient spacing of the different 
curves in the figure. In the figure the scale of logiof^ taken to be 

increasing in the downwards direction, so that the curves represent the 
variation of ( — log^,?/^) = log^ol/^^ with respect to a similar scale increas- 
ing in the upwards direction. The curves show that the sensitivity of the 
dark-adapted parafoveal retina is practically non-diroctional for test 
stimuli in the blue-green but exhibits a slight directional effect in the 
yellow, which becomes well defined in passing through orange to red. In 
the violet there appears to be a slight effect in the reverse sense. 

Similar measurements for fovoal vision of the test stimulus are given in 
fig. fi. The familiar difficulties in measuring the foveal thresliold (save in the 
red end of the spectrum), due to the greater sensitivity of the parafovea, 
are accentuated when the rays enter near the edge of the pupil. This is so 
because t])e fwrafoveal sensitivity is maintained wl)ile the foveal sensi- 
tivity falls off as the point of entry moves from centre to periphery of 
the puful. 

Fortunately with practice the subject can toll from this apj)earHnce of the 
test stimulus whether his fixation has wandered so that lie is using i)ara- 
foveal instead of foveal vision. When this occurred, the subject o|)erated 
neither key and the exposure was repeated. It sometimes haf>})encd when 
the test stimulus was correctly fixated, that tlie light scattered or irregu- 
larly reflected in the eye could be seen ])arafovcaIly although tJie normal 
image of the test stimulus produced no response. This w as not accepted as 
vision of the test stimulus. 

The curves of fig. fi show that the sensitivity of the dark -adapted foveal 
retina exhibits a pronounced directional effect whatever the wave-length 
of the test stimulus. 

It is appropriate to compare the variation of logio(l/^4) "il'h point of 
entry and the corresponding variation of logio^, where y i.s the relative 
luminous efficiency obtained in brightness matcliing mcasui*cments. The 
variation of logjo(l/t^A) r©presentc<J to a first apf)roxiniatum 

by the empirical formula : 

lo«xo(Vf-^A) = (I) 

where logio(l/t^A)m maximum value of logiQ(l/l^A) which is attained at 
d = and is a constant. This formula is of the same form as that pre- 
viously found for logjo^ and there can be little doubt that the same cause is 
operative in the two types of experiment. The continuous curves drawn in 
figs. 5 and 6 have been computed from the above formula with suitable 
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choice of the constants and For the foveal measurements, the data 
show a tendency (very marked for A = 430 m/e) to deviate from the fitted 
curve for (d — greater than 3 mm. A similar deviation was observed in 
the curves of log^oiy against d. The values oip^ for foveal vision come out to 
be about 15 % lower than those derived from the log,o^ curves obtained for 
the same eye in the brightness matching experiments with monochromatic 
light (Stiles 1937). The position of the maximum d^ is also displaced from 
about 0*6 mm. temporal to about 0*9 mm. temporal. 

To see whether these differences were due to a difference in the luminous 
efficiencies operative for the thresliold measurements and for the brightness 
matching measurements, or to an actual change in the eye, brightness 
matching traverses were made for A » 500 rn/^ and for A = 700 m/t (foveal 
vision). The results gave values of pj^ and d^^ in substantial agreement with 
those found from the corresponding threshold curves. It must be con- 
cluded that for this eye the direction of incidence on the retina of the ray 
giving maximal luminous effect and the magnitude of the directional effect 
speiified by pj^ have changed. Changes of the same kind are in evidence if 
the measurements of 7/ made with monochromatic light (Stiles 1937) are 
compared with the original measurements made with white light (Stiles 
and (Jrawford 1933). It appears that in the course of about six years the 
point of entry in the horizontal diameter giving the greatest value of has 
shifted fbr this eye from about 0*2 mm. nasal to about 1-0 mm. temporal. 
Whatever the actual meclianism giving rise to the directional properties of 
the retina, wo are [)robably justified in regarding the direction of incidence 
which gives the greatest value of Tj as defining in some manner the direction 
in which the end organs of the retina are pointing. It is possible therefore 
that for the eye in question the end organs at the fovea are being gradually 
sheared over. During about the same period of time the refraction of the 
eye has (*hangod from emmetropic to -i-0’5Sph. — 0-25Cyl. 130° but no 
other symptom which might possibly be correlated with the changes in 
has been noted. 

The values of for several eyes studied by Crawford and the writer are 
given in Table I. In some cases the point of entry was varied on the vertical 
diameter of the pupil and d^ then defines the position on the vertical 
diameter giving the greatest value of r). The values of d^ for extrafoveal 
points were obtained from measurements of the l.b.i. 

Unfortunately the pupil centre is not a perfectly stable reference |>oint 
and the value of d^^ is subject to some ambiguity on this account. How- 
ever, the figures in the table show that d^ varies appreciably for different 
eyes, and for different retinal points of the same eye. The systematic 
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TaBLB I. PosmOK OF THE POINT OF ENTRY ON THE HORIZONTAL OB 
VERTICAL DIAMETER OF THE PUPIL OF THE HAY GIVING THE GREATEST 
VISUAL EFFECT 


Subject 

L.E. = loft «ye, 

Dato of 
rneasuromciit 
and refer- Method of 

Retinal 

Dmm. 
of pupil 


R.K. = right eyo 

once 

mcMiHiiroruent 

patch 

traversed 

in mm. 

W.S.S, (L.E.) 

1932 

(») 

Unghtiioss 

Fovoa 

Hor. 

- 0-2 (noeal) 

*• 

1932 

( 1 ) 

matching 

ft 

*» 

Vert. 

-0-5 (upper) 

*9 

1932* 

( 1 ) 

•t 

ft 

Hor. 

0 

** 

1932 

(i) 


ft 

Vort. 

— 0*2 (upper) 

99 

1936 

( 2 ) 

>» 

ft 

Hor. 

-I-0-6 (Unnp.) 

99 

19.36 

( 2 ) 

*t 


Vert. 

— 0 3 (up|Jcr) 

99 

1937-8 

(4) 

If 


Uor. 

+ 0*9 (t<Mnp.) 

ft 

1937-8 

(4) 

l.b.i. mcaAim^ment^i ,, 

ft 

+ 0*9 (temp.) 

11 

1937-8 

(4) 

99 

6 ° parafovoa 

ft 

+ 0*2 (temp.) 


1937-8 

(4) 

99 

(fixation 
point F,) 

S'* parafovoa 

If 

f 1*5 (temp.) 

n.H.C. (L.E.) 

1932 

(1) 

linghtnms 

(iixation 
point F,) 
Fovea 

ft 

-O*,*? (nasal) 

99 

1932 

( 1 ) 

Tniitcliing 

99 

99 

Vort. 

+ 0*6 (lower) 

H.H.C. (R.K.) 

1932 

(1) 

99 

99 

Hor. 

-0 5 (nasal) 

ft 

1932 

(1) 

99 

*9 

Vort. 

+ 0*2 (lower) 

H.H.C. (L.E.) 

1937 

(3) 

l.b.i. inoo-siinments ,, 

Hor. 

— 0*5 (nasal) 

f» 

19.37 

(3) 


.3® parafovoa 

ft 

— 1*6 (nnanl) 

f» 

19.37 

(3) 

«• 

14“ parafoviMi 

ft 

— 1*7 (nasal) 

R.n.S. (L.E.) 

1937 

(3) 


Foven 

ft 

— 1 4 (naaal) 

•f 

1937 

(3) 

If 

5*^ pamfovc^a 

ft 

— 1*8 (nasal) 

K.W.C. (R.E.) 

1932 

( 1 ) 

llnghtneHa 

Fiivea 

tt 

\ 0*5 (toiap.) 

ft 

1932 

( 1 ) 

matching 

99 

ft 

Vert. 

0 


* Six woekH later. 

Referoncas: ( 1 ) Stiloa and Crawford ( 1933 ); (2) Stiles ( 1937 ); (3) Crawforci ( 1937 ): 
(4) Stiles (present work). 


detenniriatioii of in tho vortical and horizontal diameters for a large 
number of eyes would be of considerable interest. 

Further measurements of the effect of wave-length on the directional 
sensitivity were mtwle by the two-point method, in which logj^f/^ is deter- 
mined for two points of entry, at or near the point giving maximal 
sensitivity (central entry) and near the periphery of the pupil (jieri- 

pheral entry). Measurements were made for a series of wave-lengths span- 
ning the spectrum in one run. From the two values of login?/;^ obtained for 
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each wave-length and from the co-ordinates and dp of the points 
and Pp^ the value of was computed using formula (1). It was neces- 
sary to assume the value of obtained earlier from the curves oi 
figs. 5 and 6. 

Figs. 7 and 8 give the mean values of px obtained from five two-point 
dctorminatioTis for parafoveal vision and from tJirco such runs for foveal 
visitin. For parafoveal vision, is not very diffei’ciit from zero for A less 
than 600 m//. As A increases from 600 to 700 m//, p^ increases to 
af>proximately 0-045 and finally it apjjcars to drop again slightly. For 
foveal vision lies in the range 0*045 to 0-065 and shows a variation with 
wave-length similar to that found previously in the brightness-matching 
ex])erimcnts. The values of p^ obtained from new measui’ements by the 
brightness-matching method (two point determinations) are alu>wn as the 
circles in fig. 0 v liich also gives the values obtained in the earlier investiga- 
tion. Apart from the shift in absolute value already noted, the now deter- 
minations of jix l>y Ihe brightness-matching method show the same 
variation with wave-length as the old and this variation is closcdy followed 
by the values of derived from the l.b.i. determinations. 

Determinations of px at a second parafoveal |)oint, again at 5"' from the 
fovea, but in a different meridian, are plotted in fig. 10. For these measure- 
ments the fixation point usc<l. Save for the [)oiiit at A = 4.50 rn//, px 

shows a similar variation with wave-length to that obtained for the other 
parafoveal point. For this parafoveal point, d^ had the value 1-5 mm. 
(temporal). 

We may sum up the above rtjsults as follows, the sensitivity of the dark- 
adapted parafovea is nearly independent of the direction of incidence of 
the light on the retina except for w’ave-lengths in the orange and red. 
The sensitivity of the dark-adapted fovea shows a ]}ronounced variation 
with dircertion of incidence for all wave-lengths. The magnitude of the 
directional effect for the fovea varies to a limited extent with wave-length 
and the variation resembles that found in the earlier experiments by the 
brightnoss-matehing method. 

In parafoveal observation of a coloured test stimulus, the fact that the 
test stimulus is coloured can be appreciated only when its intensity exceeds 
a certain multiple of the threshold value. This multiple, known as the 
photochromatic ratio, was observed to be greater for [)eripheral entry than 
for central entry of the light rays in the pupil. For example, at 700 mp it 
had on the average the value 1-4 for central, and 2-5 for i)eripheral entry. 
At shorter wave-lengths, the values wei*o of course very much larger but 
showed a differeuco in the same sense between central and peripheral entry. 
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Fr((. 7* Variation of with A for tJw dark- 
iidapttd parafovea (/-^j). 0 , Two-point do- 
tcrniinations; x , from data of fig. 5. 



Fio. 8 . Variation of with A for the dark- 
adaptofl fovea. 0 , 'JVo-pciint determina- 
tions; X , from data of fig. 6 . 



X iN 


Fjo. 9, Variation of with A by briglitnetw- 
matching method. O, J^ow valiios by two- 
point method; □> values from traverses; 
X , old values, Stiles ( 1937 ). 



Flo. 11. Speetral .sensitivities of dark-adapttMl 
fovea and parafovea (t\). Central entry. 



Fid. ' 1 0 . Variation of pj^ with A for the dark- 
adapted parafovea Two-jHiint 

method (single determination); □, from 
traverses. 





:± z:.. . 

^5 m AM 

^jLJtLAW 


Fid. 13. Variation of p^ with A for the light- 
lulapted parafovea (Fj). A = //; x. Single 
<Ietermination by two-pomt method; logjolV^ 
round about 2*6. pli From traverses of fig. 12. 



Fio. 12. Directional sensitivity of the 
light-adapted parafovea (/'\). A — g; 
logiolF^ = 3*2 (600 m/e). 3*6 (680 m/t). 2-7 
(690 m/I). 
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In foveal observation of the test stimulus, the photochromatic ratio does 
not depend on the point of entry and, in fact, it has tlic value 1 for all 
colours except yellow. 

The mean values of logjoi/;j for central entry, obtairied in the two-j)oint 
determinations, are ])lotted against wave-length in fig. 1 1 . The actual values 
are given and not the values plus an arbitrary constant as in figs. 5 and h. 
Tlio curves of fig. 1 1 are of tlic type first obtained by Abney and Watson 
(1916) and they can be interpreted in terms of the duplicity theory of 
vision in the following manner. Foveal vision of the test stimulus is served 
solely by the cones since rods an; absent from the fovea, 'fhus the foveal 
curve represents the variation with wave-length of the logarithm of the 
l.b.i. of the foveal cone system. The parafovea contains both rods and cones. 
For any wave-length of the test stimulus the parafoveal rods acting alone 
would give one value of the l.b.i., and the parafoveal cones acting 

alone would give another value The 1 h.i. of the parafoveal cones 

may be assumed to vary with wavo-Ieiigth in much the same way as the 
l.b.i. of the foveal cones so that the graph of log,„(^/^)^, against A will have 
the same form lu* the foveal curve of fig. 1 1 although it may be displaced 
parallel to the axis of log^Qt/^. In reality the rods and cones are in action 
together and although we do not know how their respective efiei^ts “add 
up” we may safely assume that the resultant parafoveal l.b.i. will not be 
greater than either or (f Thus since for A greater than 630 nyi the 
parafoveal l.b.i. exceeds the foveal l.b.i., it follows a fottiori that will 
exceed the foveal l.h i. This means that the fiarafoveal (‘ono system is less 
sensitive than the foveal cone system. On the other hand for A less than 
600 m/i, the parafoveal l.b.i, is much smaller than the foveal l.b.i. and, 
a forlirm, much smaller than Thus in this region of the spectrum we 
can identify the parafoveal I b.i. with h parafoveal rod 

system. As A increases beyond 600 m// it is proliable that the ratio of 
foods to diminish, until at 700 nyi the two quantities are not 
very ditferent. This is suggesteil by the fact that the photochromatic 
ratio for parafoveal vision <limirushes for A greater than 600 m//, until at 
A = 700 m// it cciuals approximately 1*4. Thus, the piirafoveal cones may 
participate to an increasing degree in determining the parafoveal l.b.i. as 
wo pass from 600 m// to tlie extreme red end of tlie spectrum. 

If we accept the above iuterpretatiuii, then in fig. 8 the values of 
measure the directional sensitivity of the foveal clones. In fig. 7 the values 
of for A less than GOO m// measure the directional sensitivity of the para- 
foveal rods. The increase in p^ at longer wave-lengths may be due (a) to an 
increase in the directional sensitivity of the parafoveal rods with increase 
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in wave-length, (&) to the participation of the parafoveal cones which, like 
tiie foveal cones, may show a large directional sensitivity at all wave- 
lengths, (c) to a combination of those two causes. 


7. CkNTRAI^ ITIKLD n.L.lJAlINATKD : PARATOVEA 

For all the observations described in this section, the light rays forming 
the central field entered the subject’s eye through the centre of the pupil. 
The test stimulus was observed parafoveally using fixation point t\. With 
a central field of high brightness and of the same wave-length as the test 
stimulus, the variation of logjo^A with ])oint of entry of the test stimulus 
was determined for wave-lengths 500, 580 and 690 m/i (fig. 12). The values 
of px obtained from two-point determinations under similar conditions are 
plotted against A in tig. 13. These results sliow that when the jiarafovcal 
retina is adapted to a high brightness of given wave-length, it exhibits a 
well-developed directional sensitivity to a ttist stimulus of the same wave- 
length whatever that wave-length may bo. 

The differences in the directional sensitivities of the light- and dark- 
adapted parafoveal retina, wiiich are evident from a comparison of figs. 5 
and 12 or 7 and 13, prove conclusively that we are in fact dealing with the 
directional properties of the retina and not w ith differences in light losses in 
the refractive system of the eye. Effects of the latter kind would be un- 
affected by the presence or absence of the c*entral field. 

By determining logipf/^ for central and iieripheral entry of the test stimu- 
lus at a scries of brightnesses of the central field from zero upwards the 
change in directional sensitivity with brightness level could be followed. 
The subject remained in the dark for 1 hr. before each run, his pupil 
iiaving been previously dilated with euphthalmine. The mean results of 
two runs at each of the wave-lengths 600, 680 and 690 in// are plotteil in 
figs. 14, 15 and 16. Each figure gives three curves: 

I. logiof^A against logn,W^ for central entry of the test stimulus. 

II. logj(,t/A against for peripheral entry of the test stimulus. 

III. against logioH^. derived from the jirevioiis curves by applying 
formula (1). 

Consider first fig. 15 for which A = — 580 m//. The curve of against 

login falls into a low bright7ip,ss re^gion in w'fiich is approximately (!on- 
stant and small, a transitional region in w'hich increases with lf>giol^^. and 
a high brightness region in which again approximately constant but has 
a high value. Turning to the curves of logm^A against logmBJt, we note that 
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to begin with the gradient of curve I increases \nth and ai)proac}ie 8 

a constant value. I'hen at about the beginning of the transitional region the 
gradient decreases with increase in log^(,W^,. Subsequently it increases 
again and finally approaches a constant value. Curve II behaves similarly 
except that the decrease in the gradient of the curve occurs at about the 
end of the transitional region. Graphs of the logarithm of the parafoveal 
i.b.i. against the logarithm of the conditioning brightness exhibiting a 
“change of law ” of this kind were first observed using white light for both 
test stimulus and conditioning stimulation and their interpretation in 
terms of the dujilicity theory has already been given (Stiles and Crawford 
1 Q 32 , 1934 ). It is assumed that if we could deierinine the I.b.i. of the 
rod system acting alone wo should obtain a curve of iogio(^^)« against 
logi/fU^^ similar to curve A of tig, 17, The cone system acting alone would 
give, on the other hand, a curve of against iogioW^] similar to 

curve /i. In the jiraetical case when both systems are in action, the 
measured log,(,f^ would coin(*ido with logio(l/^)^ at low brightnesses 
where IogiQ(r/^),, is considerably smaller than logio(C/^)^„ and with logio(C/^)p 
at high brightnesses when^ the reverse is true. In the neighbourhood of 
the point of intersection of curves A and B, where logjQ (lJx)s and log^o (^4)^ 
have comparal)le values the observed would be smaller than either 

so that the experimental curve would follow some such course as that 
indicated by the dotted lino (J, Curve O is made up of three sections, 
a rod section at low brightnesses where C is coincident with Ay a cone 
section at liigh brightntssses where (' is coincident with B and a mixed 
section at intermediate brightnesses where C lies below both the curves 
A and B, 

Accepting the view that the change of law in curves I and II of fig. Ifi is 
produced in the way just described, wo obtain a simple explanation of 
curve 111. Suppose in fig. 17, curves A and B refer to central entry of the 
tost stimulus. Assume now that the rods show no directional sensitivity 
at any brightness of the central field. (.*urvo A will then apply equally for 
peri])heral and central entry.* SupiJose, on the other hand, that the cones 
show a 'pronounced and ronatani directional sensitivity at all brightness 
levels. Then the curve of logjo(I/^)y, against logj„WJ, for peri])}ieral entry of 
the test stimulus (curve B') will have the same shape as curve B but will bo 

* Since pj^ has a small positive value in the low briglitness region of curve 111 
(fig. ifi), the rods probably show a slight dir<H:tional efFiMit when stimulate«] witli 
A = 680 mfi. For simplicity this effect has been ignored m constructing the curves of 
fig. 17 which are primarily intended to illusiratt) the principle of the suggested 
explanation. 



Fio. 17. Kxplanation of thw results 
for parafoveal vision, in terms of 
the duplicity theory. 


of the results for red light. In (6), 
A and A* refer to the rods and to 
central and ponphoral entry respec- 
tively. 


6-2 
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displaced parallel to the axis of logiQ(f/^) to higher values. The resultant 
curve of logio^A ^»'gainst Iogn,W^ when both rod and cone systems are in 
operation will bo represented for peripheral entry by curve V\ By taking 
the difference of curves C and C and applying formula (1) we obtain the 
variation of with logjol^^ as curve 

The main features of the exjierimental curves of fig. 16 are all reproduced 
in the corresponding curves C', C and T) of fig. 17. For this (lase tlie dupli- 
city theory, together with the assumption of constant directional sensitivi- 
ties for the rod and cone systems, provides a possible explanation of the 
change in directional sensitivity with briglitness level. 

The ex|)erirnental curves for A =/^ = 500 va/i (fig. 14) are generally simi- 
lar to those for A = — 580 mfn and may be similarly explained. 1'her(5 are 

differences, however. The transitional region in curve III extends over a 
wider range, and the change of law in the curves of logio?/;^ against logioH^i 
is observable only for (jurvo I. Those diffeiences may be due to the rod and 
cone curves A and Ji (fig. 17) being so displaced that they intersect at a 
smaller angle. 

For A “ // « 000 m/i (fig. 16), ue may apply the above explanation in the 
way shown schematically in fig. 1 8a. There is an alternative possibility 
however; the rods when siim\ilated with red light may exhibit a well- 
developed directional sensitivity, although a smaller one than the cones. 
The scheme of fig. 18ft uould then apply. We are faced here with the un- 
certainty to which reference was made at the end of the previous section. 

The more general ease when test stimulus and central field have different 
wave-lengths will now be examined. Figs. 10 and 20 give respectively the 
results of two-point determinations f<or tlic combinations A = 580, // = *6tJ0 
and A = 450, ft = 520. With those combinations the transition from rod to 
cone vision in curves 1 and 11 and the coiresponding change in the direc- 
tional sensitivity ineasui’od hy are very clearly shown. The results are in 
good accord with the exjdanation illustrated by the (‘urves of fig. 17. 

With the combination A =* 500, // = 690, the results are of a different 
character (fig. 21). Despite tlie largo scatter in the experimental values w'e 
may admit that on the whole there is no systematic variation of with 
brightness level. The curve relating log,^?/;^ and is nearly the same 

for central and f)eripheral entry and a “change of law” of the kind pre- 
viously obtained is not in evidence. These facts suggest that at all values 
stimulus is seen by rod vision. In our view this result is 
obtained because the rod curve (curve fig. 17) lies below and to the right 
of the two cone curves (fl and B\ fig. 1 7) and docs not intersect them. The 
results for the combination A = 600, // = 660 (fig. 22) allow of a similar 
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interpretation, except that at the highest brightness level rises sharply. 
This rise is believed to be genuine but its explanation depends on a new 
factor to l)e dealt with later. 

The interpretation of the results may now bo carried a stage furt/her. For 
each combination of A and /y, we have envisaged a rod curve A and a cone 
curve B, but nothing has been said of the connection between the rod curves 
or the cone curves for different combinations. In the brightness range 
where curves I and II of fig. 22 are indistinguishable, the common curve 
according to our interpretation is purtdy a rod curve. A tracing of this 
curve can be fitted approximately over the rod sections of all the experi- 
mental curves of against logjoll^* which possess an identifiable rod 

section. Thus to a first approximation the rod curve has the same shape for 
all combinations A and /y for which it can be observed and is merely dis- 
pla(;ed (without rotation) to different ymsitions with reH[)ect to the axes. 
Moi*oover, for two combinations with the same // but different A*s the rod 
curves are found to have approxitnately tlie same jmsitions with resfject to 
the axis of logjoW^, but arc relatively displaced in a direction parallel to the 
axis of log,ol7^. On the other hand, for two curves witli the same A but 
different //’s the rod curves have api)roximately the same positions with 
respect to the axis of logiQf/;^ but are relatively tfisplaced parallel to the 
axis of logjol^,. 

It follows from these experimental conclusions that the relation between 
stfl-nds for the l.b.i. of the rod system acting alone) and 
logic must be of the form 

log,o(f4), + Iwgio-’A = + logio^STj, (2) 

where depends only on A, depends only on fi and F(j:) is a fixed func- 
tion of X determined by the shape of the rod curve. Relation (2) may be 

This implies that hxeil function of It is equally true that 

1/*a(^a)« is * hxeti function of which we may call 

Thus l/&''A = aW. 

or 1/(^4)« = «aU%*'/.}- (3) 

The experimental data determine only the relative values of at different 
wave-lengths A, and the relative values of at different wave-lengths //. 

♦ Itiriuding curves for a number of combinations for which the results cannot bo 
given in full. 
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It is convenient to remove these ambiguities, (a) by giving the fixed func- 
tion ijl^x) the value unity when jr = 0 so that is the reciprocal of the l.b.i. 
of the rods when 1^, the intensity of the central field, is zero and (6) by 
giving tlie fixed function the value 0-1 when jj = 1. It follows from 
condition (fc) that if = 1, ~ 0*1 and 1 /(?/a)« one-Uuitb its 

value for a central field of zero intensity. Thus equals the reciprocal of 
the intensity of the central field necessary to reduce I Uy one-tenth, or 
to increase (?7 a)h times its value for zero field. In this sense 

measures the sensitivity of the rod system to the “conditioning’* effect of 
central fields of different wave-lengths. 

It is easily deduced from equathm (3) that the curve of ( — logjQ^,,(.r)) 
against log^^x must have the same shape as the rod section of any experi- 
mental curve of logiof/^ against logj^H^. The plot of { — logioSj,(j:)) against 
logjo^ shown as curve 1 in fig. 36 is simply the rod section of curves I and 
II of fig. 22 placed in such a position with resj)ect to the axes that the two 
(‘onditions ij^x) — 1 when a? = 0 and ~ 0*1 when x = I are satisfied. 
Thus curve 1 of fig. 36 completely defines the fixed function of the rods, 

The curve of log,„«A against X will coincide ai)proximately with the para- 
foveal curve of logjo( I jU^) against A for zero field (fig, 11), exco])t in the rod 
end of the spectrum where logj^-^A will have slightly lower values owing to 
the participation of the cones in determining The mean values of 
logjQjS*^ obtained from the rod sections of the various experimental curves 
of logjpf/A against log|oW^* are given in Table fl. The variation of log^o^S*^ 
with ji is very similar to the variation of logio^^ witli A, as is shown by the 
approximate constancy of lognj^A^^^Sio^^V (A-/^). 
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This means that to a first approximation the relative values of lights of 
different wave-length in producing a threshold stimulation of the rods and 
in bringing the rods to a given level of stimulation, are the same. 

The above discussion ap£»lies in the first instance to the response of the 
rods to test stimuli entering centrally. To allow for entry at other points, 
the factor may be introduced in the expression for 

which now becomes 




(4) 
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where determines the directional effect of the rods. For A not greater 
than 600 m/i we may identify p^a with the plotted in fig. 7. For longer 
wave-lengths Pa- 

Turning now to the conea, we consider the possibility that the l.b.i. of 
the cones can be represented by an expression similar in form to that 
already obtained for the rods. For the iiombination A = 680, /i - 500 
(fig. 19), the cone section of curve I extends from the highest brightness 
levels down to a brightness (logjoH^* approx.) where the curve 
becomes nearly horizontal and the l.b.i. of the cones has become constant. 
We may take a tracing of this |)ure cone curve and try to fit it over the cone 
sections of the curves for other combinations A, //, which have an identifi- 
able cone section. The process is much less satisfactory than in the case of 
the rods, partly because for most of the available curves the mixed section 
of the curve where both rods and cones are operative intervenes before the 
flat i)art of the cone curve is reached. 

A more radical difliculty is revealed by the measurements for the com- 
bination A = 500, /I a= 580 (fig. 23). The curves of logj^f/^ against logi(,W^ 
show a sharp “change of law” when logj^l^^ is in the neighbourhood of 2 
and at about the same brightness rises sharjily. As before wo attribute 
these features to a transition from rod to cone vision of the test stimulus. 
Comparing curves I and II of fig. 23 w ith tins corrc'sponding curves of 
fig. 15 for which // has the same value (580 m/t), it is easy to see that the 
cone sections for the two eases cannot arise from a curve of fixed shape 
wliich is merely displaced parallel to the axis of logujf/^ by varying amounts 
depending on the value of A. Tf this were so the gradients of the cone sec- 
tions in figs. 23 and 15 at a given value of would be the same, for 

these gradients are unaffected by diHfAacements parallel to the axis of 
logic I/ a- Actually at log,cff^, =2-6, the gradient (tangent) of curve I 
equals 0'2 in fig. 23 and 1-0 in fig. 15. Similarly, if wo compare the cone 
sections of fig. 23 with those of fig. 14 for which A has the same value, it is 
clear that the cone sections for the tw'o cases cannot arise from a curve of 
fixed shape which is merely displaced parallel to the axis of log^cM^ by 
varying amounts depending on the value of//. 

It must be concluded from the above that the cone curves for ditteront 
combinations A, // cannot ho repi'csented by an expression similar to (4). 
Other anomalies in the cone curves confirm this conclusion. Thus the simple 
idea of a curve of fixed shape wduch is displaced parallel to the axes of 
logic amounts depending on the values of A and /i 

respectively, breaks down for cone vision although it holds for rod vision. 
Tlie more comi)lex behaviour of the parafoveal cones is elucidated by the 
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ineasuremonts for foveal vision of the stinuilus which give the response of a 
cone system unobscured by the presence of a rod response. It appears that 
to explain the response of the cones the duplicity theory must be supple- 
mented with the idea of three distinctive types of cone, an idea which is, of 
course, inherent in many forms of the trichromatic theory. 


8. (Central field illuminated: fovea 

When the eye is adapted to a field of zero brightness, the fovea exhibits a 
pronounced directional sensitivity for all wave-lengths of the test stimulus. 
Measurements made with the central field illuminated show that this 
pronounced directional sensitivity is retained whatever the intensity and 
wave-length of the central field. These measurements consisted in the main 
of tw^o-point determinations in which A and /i were kept constant while the 
energy intensity of the central field was increased in stcfis from zero 
upwards. The determination of log^//^ for ‘‘central*’ entry of the test 
stimulus was made at 1 or f I inm. (temporal) as it was known that 

for the fovea of this eye equalled aliout 0*0 mm. The determination for 
peripheral entry was made, in niost cases, at = — 3 mm. (nasal). Except 
where the contrary is indicated, the rays forming the central field entered 
the eye through the centre of the pupil, i.e. at d = 0. An adequate period of 
dark-adaptation ])receded the run. A few minutes’ adaptation to the higher 
brightness levels was necessary before steady values could be obtained. 

The resulLs obtained wdien the test stimulus h?u1 central field had the 
same w^ave-Iength are plotted in figs. 24-27. For A =// — 580 m//, 
remains practically constant at all brightness Uwels. For the other wave- 
lengths there is some variation in which can be followed despite the 
scatter of the experimental points. The curves relating logi^f/^ and logioW^ 
for wave-lengths 500, 580 and fiJlO m// arc of nearly tlie same shape, that is 
to say, they can be obtained by moving a sirkgle curve without rotation to 
different positions with respect to the a.ves. The curves for the w'ave- 
length 430 m//, how^ever, show a significant difference in shape from the 
others. Thus even in the restricted cast; W’hen test stimulus an<l central 
fichl have the same wave-length, the notion of a curve of fixed shape wliich 
is merely displaced to different positions with respect to the axes breaks 
down. 

Figs. 28-35 give the results for eight combinations in whi(*h the wave- 
length of the test stimulus lies in the range 430 to 500 mfi while //, the 
wave-length of the central field, is considerably greater than A and lies in 
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the range 500 to 690 m/^. For every combination except A = 430, = 600, 

the curves of logjof^^ against logjoW^ show a ** change of law” of the kind 
already mot with for parafoveal vision, and shows a corresponding in- 
crease from an approximately constant value in a range of low brightnesses 
to an approximately constant but different value in a range of high bright- 
nesses. 

Those features of the results can be explained by assuming that there are 
two types of cone in operation, each with distinctive properties. In fig. 31a* 
(p. 96) , for example, we assume that the left-hand section of curve I, extrapo- 
lated as a broken line to higher values of log^j^W^, is the curve connecting 
with logiflWJ^ which would be obtained if cones of one type (type X) 
were acting alone. Similarly wo assume that the right-hand section of curve I, 
extrapolated as a dotted line, is the ciurve which would bo obtained if cones 
of the other type (type B) M^ere acting alone. These component curves will 
lead to the observed curve when both types are in action if the observed 
l.b.i. coincides approximately with the smaller of the l.b.i.’s of the two 
types except where these have ocpial or nearly equal values. 

(hirve 11 is obtained by displacing the two component <airves of curve 1 
without rotation in a direction ]>arallol to the axis of The com- 

])onent curve of ty j)e B must be displaced by a greater amount than that of 
ty|>e X, This connexion Iwitwecn curves I and II is explained if the direc- 
tional sensitivity of each tyi)e of cone is independent of brightness level and 
type B has a greater directional sensitivity than type X. 

A similar explanation may b«i given of the results for the other combina- 
tions in this grou() if we admit that as A decreases the vertical separation of 
the X and B com|>onent curves diminishes until for A — 430 m/i (tig. 35) the 
X curve lies above the B curve at all values of and plays little if 

any part in determining the resultant (mrve. Ftjr A = 490, p = 590 (fig. 29), 
curves I and II show a new feature. The B component curves become 
suddenly horizontal at logic 1*1 approx. There is an indication of a 
similar effect for the combination A = 600, p = 580 (fig. 28). This effect 
might be attributed to a third type of cone but as shown below such an 
explanation is unlikely, [t appears instead tliat for certain wave-lengths /i, 
tlie conditioning effect of the central field on the B cones is limited, that is to 
say, however great the intensity of the central field it cannot increase the 
l.h.i. of the B cones above a certain value. 

Setting aside the anomaly just noted, it is found that those sections of 
the experimental curves which are identified with the X or fl component 
curves can all be fitted approximately with a curve of fixed shape (curve 2 
* The experimental data iti this figure are the same as in fig. 31. 
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of fig. 36) which is moved (without rotation) to different positions with 
respect to the axes. 

A series of twenty-one runs was then made with a test stimulus of wave- 
length 480 m/i and with central fields of wave-lengths ranging from 430 to 
700 m/y . The l.b.i. was determined only for central entry of the tost stimulus. 
The rays forming the central field entered the eye through the same point 
as the rays forming the test stimulus. Some of the results obtained are 
filotted in fig. 37. The vertical scale of fig. 37 is correct for all the data, but 
the horizontal scale is tjorrect only for ^ 700 m/y. For other values of ft 
the origin of the horizontal scale has been shifted by arbitrary amounts to 
give a convenient spaciiig of the (jurvos. For all wave-lengths of the central 
field except 430 and 480 m/y, the experimental results can be represented 
a]>proxinmtely by the two curves shown, which are reproductions of curve 2 
of fig. 30. Moreover, the upper of the two curves, which is associated with 
the B cones, flattens out at apjiroximatoly the same value of logjp?/^ (5*5) 
for all values of //. The lower curves, which are associaiecl with the X 
cones, also flatten out at a common value, about 6-8 in this case. This is 
to be exi>ectod, however, since with a central field of zero intensity 
(logjoW^ = - oo), logio//;^ must bo the same whatever the value of //.* The 
horizontal separation of the B and X curves decireases as ft decreases below 
about 560 m/f until at /y = 480 m/i the two curves no longer intersect and the 
results are representxjd by the X curve only. The limited conditioning of the 
B cones at high brightnesses is in evidence for //, ^ 580 and 610 in//, but not 
for // = 560 m// or less. It is not observable for /t = 640 or 700 m//, but this 
may be because the briglitnoss of the central field could not he made 
sufficiently high for these wave-lengths, 

A selection from a similar set of nineteen runs with A==430m// and 
witli // varying from 640 to 410 in// is shown in fig. 38. For // greater than 
460 m// a single curve of the form of curve 2, fig. 36, can be drawn to 
represent the results apart from the limited contlitiorung effect which occurs 
for// “ 580 and 620 m//. For // equal to 460 m// or less two curves of the 
standard 8ha[)o are required as shown. The two curves intersect before 
the ui>})er curve has flattened out, but since the shape of the curves is 
fixed it can still ho deduced that the upper curve would flatten out to 
about the same value of logn,//^ (6*5) in each case. 

In a third series of eleven runs, the wave-length of the central field was 
equal to 600 m/t in every cose and the wave-length of the test stimulus was 
varied from 410 to 510 m// (fig. 39). In the figure, the horizontal scale is 
correct for all combinations A, //. The vertical scale is correct only for 
* Apart from day-to-day variations m the sensitivity of the eye. 
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A = 5I(), // = GOO and is displaced by arbitrary amounts for the other cases. 
For A ~ 5 JO, /I = 600, the upper and lowar^curves are associated with the 
B and A' cones respectively. As A decreapes, the component curves main- 
tain tJicir positions with respect to the Jiorizontal axis but they are dis- 
placed by different amounts parallel to the vertical axis. For A = 410 and 
430 n\/i, the lesults are represented approxiniatiCly by the B curve only. 
In every case the B curve becomes abr\iptly horizontal at logjoW^ = 1*2 
approx. Thus, whatever the wave-length of the test stimulus, a central 
field of wave-length 600 m/i has a limited conditioning effect on the B 
cones and can raise the l.b.i. of the B cones to about 4-3 times the value for 
zero field but no more. Taking account of all the data obtained, it appears 
probable that the same thing is true for a central field of any wave-length 
exceeding 570 \n/i although insufficient intemsity of the central field pre- 
vents our observing Ibo efl'eet for // = 640 m/i or more. 

The above results show that the l.b.i. of the B (‘.ones acting alone 
can be rci)reseTitcd approximately by the following expression, which is 
similar to that used for the rods, 

!/((/,),= lb (5) 

whore is independent of /i and equals the reciprocul of the l.b.i. of the B 
cones when the central field has zerci energy, 
is independent of A and equals the re(*iprocal of the energy of 
the central field necessary to raise the l.b.i. of the B cones to ten 
times the value for zero field, 

^(a:) is a fixed function of jc. Curve 2 of fig. 3(i gives a plot of 
{-•ogio^W) against log,oJ-, 

Pxb detcriniiies the directional sensitivity of the B cones for a test 
stimulus of wave-length A. 

For wave-lengths of the oontral field greater than 570 m//, the modified 
form of ^(x) show'll as curve 3 in fig. 36 must be used to allow for the limited 
conditioning effect obtained witli these wave-lengths. In such cases is 
defined us “the reciprocal of the energy of the central field which would 
raise the l.b.i. of tho B cones to ten times the value for zero field if the 
limited cundilioning effect did not operate”. 

We may adopt an analogous expression for the l.b.i. of tho X cones 
acting alone, Wo put 

i/(^^)x = (0) 

where are defined in jirecisoly the same way os 6^, and 
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rsHpectively. i(x) is, to a sufficient approximation, the same function as 
for the B cones. No limited conditioning effect has been observed for the 
X cones. 

From a curve such as curve 1 of fig. 3 1 a where the X and B components are 
well defined the values of b^, B^, and X^ are easily obtained in the way 
illustrated in the figure. For other oases the process is leas certain. The 
mean results of all the determinations of B^ and X^ (for A less than 
520 m/t) are plotted in figs. 40 and 41. The curve of logio^A against A 
(curve 1, fig. 40) has a maximum at A = 440 m// approximately, which 
means that the B cones, or the blue cones as we may now call them, are most 
sensitive to test stimuli of wave-length 440 in/<. Owing to the limited 
conditioning effect the l.b.i. of the blue cones has a maximum value for 
central fields of wave-length /i greater than 670 m//. Curve 2 of fig. 40 shows 
the observed variation of logml/AfA "ith A. Curve 2 is obtainable from 
curve 1 by a sim 2 )le vertical displacement. Thus, if what we have called the 
limited conditiotung effect were due to a third ty]je of cone, the relative 
spectral sensitivity to tost stimuli of different wave-length would be the 
same as for the blue cones. 

The curve of logjjf/^ against ft (curve 1, fig. 41), shows that the condition- 
ing effect of the central field on the blue cones is greatest for /< = 445 m/t 
approx. The sensitivity curves of the blue cones to test stimuli of different 
wave-length (curve 1, fig. 40) and to ••C'utral fiehls of tiifferent wave-length 
(curve i, fig. 41) appear to be slightly differtmt in Hhaf)e in the region of the 
spectrum (410-610 m/t) where both can be followed although Iho difference 
may be experimental error. As /< increases beyond 510 m/i the curve of 
logjji?^ descends steadily until at/t = 670 m/i it swings round and becomes 
horizontal to descend again steadily for /i greater than GOO m/i. This change 
of form at //. = 570 m/i may Imj connected with the limited conditioning 
effect of central fields for which /i exceeds 670 m/t. If the limiting con- 
ditioning effect were due to a tldrd type of cone, the appropriate sensitivity 
curve to central fields of different wave-length would have to exhibit some- 
thing like a discontinuity in the neighbourhood of // « 670 m/t. The simpler 
view and the one adopted here is tliat we are dealing with a special property 
of the blue cones. 

We are naturally led to consider whether two types of cone are sufficient 
to explain all measurements of the present tyjw. Fig. 39 shows that as A 
increases the verti(!al sejiaration of the B and X component curves increases 
until at A = 610 m/t the B com})onent is responsible only for the upjier 
extremity of the experimental curve. We may anticipate that for still 
greater values of A (540 m/i or more) the process will be continued and the 
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37. Curves of logio^^x A = 480 m/t and diffon'iit values of /t. 

(Tlie curves are displacwl l>y arbitrary arnounts parallel to the axis of logjoIV„ to give 
a convenient spacing.) 



Fui. 38. Similar to fig. 37 hut for A = 430 in//. 



Fio. 39. Curves of v. 

logjfllF^j for // s 050 in// and for 
different values of A. (Curves 
displaced by arbitrary amounts 
parallel to the axis of logjof^A 
give a convenient spacing.) 

voi. exxvir. B, 
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experimental curve will consist simply of the X component.* Measure- 
ments show, howtsver, that with test stimuli of w^avc-length greater than 
640 m/i the relation between logio<7^ and log,o^^ cannot be represented by 
the standard curve (curve 2, fig. 36) for all wave-lengths of the central field. 
In some cases, such as that shown in fig. 42, a change of law of the familiar 
kind is in evidence. Thus the A' cone system is not a simple system. One 
possibility is that two cone systems, which we may call the green and 
red systems, are in operation, whose I.b.i.’s arc represented by the expres- 

l/(U,), = 10 ( 7 ) 

imr = lO-A'A^'^-'W, (8) 

w here pj^g and and p^^, have similar definitions to those given for 
and The above ex])ressions would then take the place of the 
single expression (6) for the X cones. Many more measurements will be 
required for the full working out of this view since it appears that the 
S}>ectral sensitiviti(;s of the red and green systems do not dift’er so radically 
as do those of the blue and A" systems. From the results so far obtained it 
is probable that for test stimuli of wave-length not greater than 610 m//, 
the X component ('urvo differs little from the curve of one of the two 
systems introduced above Thus the values of logioa:;^ and logjo plotted in 
figs. 40 and 41 may be identified with logiofifA respectively. 

Using the data of fig. 42 and other similar data a first attempt can be made 
to construct the sensitivity curves of the green and red cones. The curves 
so obtained are shown as broken lines in figs. 40 and 41. In fig. 41, the 
three low^er curves give the values obtained for pj^^, p^g and which 
nteasurc the directional sensitivities of the blue, green and red cones. The 
difference betAvccii p^,, and p;^^ for A less than 500 n\/i is well established. 
The crossing of the curves for p^^g and p^^j, at A =* 620 mp is less certain. 
In figs. 40 and 41 all curves or parts of curves slujwn by broken lines must 
be regarded as tentative only. 

A striking difference in properties betw’^een the blue cones and the red 
or green cones is indicated if wo compare the sensitivity to a tost stimulus 
of given w^ave-length wdth the sensitivity to the conditioning effect of a 
central field of the same wave-length. This comparison may be made by 
taking the diffcixii KiCH l(>gn,& A - logio!/A “ J«gio^/, 

for A = /t. logip^A - logio^>i is of the order of 2-0 whereas logjoflfA— logio^V 

* This concluHion assumes that tho sensitivity curves of tho B and X components to 
test stimuli of different wave-length (curves I and 3 of fig. 40) will have approximately 
the same shaiie as tins corresponding sensitivity curves to central fields of different 
wave-length (curves 1 and 2 of iig. 41) which can be followed throughout the spectrum. 
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and — equal about 2*7 and 2*8 respectively. The meaning of 

this result is apparent if we note that the fixed function i{x) approximates 
to 0-lI/j? for sufficiently high values of x. Thus for central fields of suffi- 
ciently high brightness and for central entry of the test stimulus : 


or 


vmt = b, B,) = b, ()• 1 
0-116/ 


(9) 


Now when A=/*, represents in a certain sense the Fechner frac- 
tion of the blue cones acting alone. Similarly, — and 

1 Ir^ represent respectively the Fechner fractions of the 
green and red systems acting alone. Thus the fact that logjofi^ — logipftA or 
exceeds logio6?^-lagjo<7A or logy^G^jg^ by approximately 0-7 
means that the limiting Fechner fractio7i of the blue cones at high bright- 
nesses is about five times that of the green cones. 

Reverting for a moment to the rods, Table 11 shows that for A=/a 
^ogio^A"^log,QAS'^^ equals about 1-0. Comparison with the cones is compli- 
cated by the ditfcrence in shape of the rod and cone functions (curves 1 and 2 
of fig. 3fi). It can be deduced, however, that the Fechner fraction of the 
rods at high adapting brightnesses lies between 3 and 10 times the limiting 
Fechner frac;tion of the blue cones. 

A brief reference must be made to the changes in the ajjparent colour of 
the test stimulus, when its intemsity is just above the threshold, which are 
observed as the brightness of tlie central field is increased. In cases similar 
to that of fig. 31 , there occurs a change in (*olour which corresponds broadly 
to the change in law of the experimental curve of logiQl/^ against logipW^. 
In other eases where test stimulus and central field have the same wave- 
length, the test stimulus ap{>ears os a white fiash. 


9. Chanok in Tiris point of entry of tue rays forming 

TllK CENTRAL FIELD. FOVEAL VISION 

When the rays forming the central field are sent into the eye near the 
])eriphery of the pupil instead of at or near the centre, measurements of the 
l.b.i. for different points of entry of the test stimulus give a curve of 
logjoZ/A against d of the same general shape as before. The main difference 
is that the absolute values of logigZ/A are in general smaller for peripheral 
than for central entry of a central field of fixed energy. This means that the 

7-a 
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effectiveness of the central field in raising the l.b.i. above the value for zero 
field depends on the direction of incidence on the retina of the rays forming 
the central field. The magnitude of the directional effect for the central 
field is of the same order as that for the test stimulus. It is possible, how- 
ever, that the curve of logjo//^ against d may not be of quite the same 
shape for difierent points of entry of the central field. A difference was 
observed in one set of measurements, but has not yet been confirmed. 

The two sets of data of fig. 43 show the variation of lognjC/^ with 
/* = 580) for a test stimulus entering at d = + I (temp.) 
and for a central field entering at +1 (temp.) (circle points) or — 2j| 
(nasal) (cross-points). To a first {ipproximation ea(;h curve can be resolved 
into two component curves, corres[)()nding to the blue and the green 
cones respectively, and the effect of changing the point of entry of 
the central field appears as a displacement of each component curve 
parallel to the axis of logj^lf^. Similar results were obtained for the com- 
bination (A = 480, /I = 000) The horizontal disjdacemont of each compo- 
nent curve determines the directional sensitivity of the corresponding 
tyi )0 of cone to the conditioning effect of the central field just as the vertical 
separation of each tjomponcnt curve in fig. 31 determines the directional 
sensitivity to the test stimulus. It should be possible by this method to 
measure the directional sensitivity of the blue, green and red cones to the 
conditioning stimulation over the same range of values of /i for which 
and can be determined (see fig. 41). 

When the f)oint of entry of the central field is allowed to vary the ex- 
pressions given above for \l(U^)g and l/(t/^), must be modified. As 

a tentative suggestion we may put 

= 6a 10 (10) 

and similar expressions for and l/(/^A)r> where iV is the point of 

entry of the (‘cntral field and determines the directional sensitivity of 
the blue cones to a conditioning stimulation of wave-length //. This form 
assumes that the curve of logj^f /^ against d has the same shape for all points 
of entry of the central field. 


U). General msciTssioN 

Fig, 44 summarizes in a single diagram the connexion between the sensi- 
tivity and the condition of stimulation of the fovoal retina to which we are 
led by the present work. We imagine that the eye views the 10° patch of 
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light of wavo-Iength /i and energy and that we determine the l.b.i. 
for a monochromatic test stimulus of wave-length A at different energies 
Wj, from zero upwards. Our view is that there are three tyjjes of cone in 
operation, each one of which in the absence of the others would give a 
curve of logipf/i against similar in shape to curve 2 of fig. 36. In 

the top right-hand quadrant of fig. 44 the throe curves H, G and B repre- 
sent the variation of logiof/^ green and blue cones 

respectively, acting alone. The position of each curve with respect to the 
axes of logj^f/^ and loguTf^ is determined by the wave-lengths A and /f. 
When becomes very small and log,,,!^ tends to minus infinity, each of 
the three curves fiaitens out and logj^f/^ becomes constant. This constant 
value corresiionds to the absolute threshold of the particular type of cone 
and depends only on the wave-length of the test stimulus. We have defined 
bJ^ to be the reciprocal of the absolute threshold of the blue cones for a test 
stimulus of wave-length A, so that curve B must flatten out to the value 
log,0(l/h^) or { -login^J. Similarly, curves R and O must flatten out to 

respectively. In the top left-hand quadrant of 
%• {-logiobA}, {-logiofir^} {-logio('‘A)} plotted against A, the 
vertical scale being precisely the same as the vortical scale of logijt/^ on 
the other side of the diagram. The three esurvos are simply curves 1, 3 and 
4 of fig, 40, turned upside down. Thus if we take a particular wave-length 
of the test stimulus, say A = 470 m/<, then the vertical line through 470 on 
the axis of A will intersect the curve of {— log,or/^} at the value to which 
curve G must flatten out when logioW^ tends to minus infinity. The values 
at which curves R and B flatten out arc similarly determined. 

It remains to fix the position of curves R, G and B with respect to the 
axis of log,„WJ,. Tt will be recalled that was defined as the reciprocal 
of the energy of the 10° patch necessary to raise the l.b.i. of the red cones 
to ton times their absolute threshold. That is to say, to cause such an 
increase the 10° patch must have energy such that 

= logio(l/^y = {-logio/2^}. 

In the loAver right-hand quadrant of fig. 44 { — logjo^ff^} is plotted against /i, 
the horizontal scale l)cing precisely the same as the horizontal scale of 
logioH^ at the top of the figure. Thus if we take a particular wavc-lengtlj of 
the 10° patch, say /t =* 620 m;/, the horizontal lino through 620 on the axis 
of /A must intersect the curve of { -Iogio/!y} at a point P whose coordinate 
on the scale of logjoH^ will bo the value of logi„W^ necessary to raise the 
l.b.i. of the red cones to ton times their absolute threshold. The point on the 
curve R at a-hich the l.b.i. is ten times the absolute threshold is marked 
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with a dot C and the position of curve R is fixed by bringing this dot to lie 
on the vertical line through P, 

A similar procedure fixes the position of curves G and B except that for 
B if fi exceeds 670 mfi the curve must be modified to the form of curve 3 of 
fig. 36 after its position has been determined by the above method. This 
modification of curve B is necessary in the example illustrated in fig. 44. 

It is clear that with the aid of the diagram of fig, 44 the tlireo curves /?, 
O and B can bo drawn in for any wave-lengths of test stimulus and central 
field. 

It has been tacitly assumed that both test stimulus ami the conditioning 
stimulation enter at // = r/^. For other points of entry of the test stimulus 
the curves R, G and B must be shifted upwards parallel to the axis of 
amounts and PxM-dJ^ respectively. 

For other points of entry of the central field the component curves must be 
shifted to the right parallel to the axis of logigW^^ by amounts 

The derivation of the resultant curve of log,o?7^ against logioH^ for 
foveal vision now depends on a method for determining logi^f/;^ at each 
value of log,oW^ from the values of h)gn,(I7^)^ and logio(t/A)r 

given by curves B, G and R. We have been able to proceed without 
defining precsisely how this is to be done by assuming that log^jf/^ will not 
exceed the smallest of logip(f7^)ft, logi(,(f/^)y and logiQ(f4)^ and will be 
actually equal to it except when the smallest and the next smallest have 
about the same value. Further work on tliis point is necessary. 

For ])arafoveal vision it has been shown that the rods give rise to a curve 
of logio^^ against log,oH^ which has the shape of curve 1 of fig. 36 and 
whose j)OHition with respect to the axes is fixed, in any given case, by the 
values of logig^;^ and logig*S^,. The relation between log^gf/^ and logi„Tl^ 
given by the jjarafoveal cones cannot be represented in this simple way. 
By assuming that the parafoveal cones, like the foveal cones, consist of 
three species, each with its ow n spectral sensitivities to test stimulus and 
conditioning stimulation, we can explain the parafoveal measurements. If 
the parafoveal and foveal cones had identical properties it would only bo 
necessary to add the rod curve as a fourth component curve in fig. 44 and 
determine the resultant of the four component curves so obtained. When 
this is done the resultant curves for different combinations A and // re- 
j»roduoe the main features of the experimental curves for parafoveal vision, 
and show anomalies of the kind noted at the end of § 7. How'ever, the 
agreement in the cone regions of the curves is not quantitative, and we must 
conclude that there are significant differences in the spectral sensitivities 
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of the parafoveal and fi^veal cones of corro8jx)nding ty|)e. On the other 
han<l, the shape of the individual cone component curves is probably the 
same for both parafovea and fovea. Thus, a tracing of curve 2 of fig. 30 
can be fitted over the cone sections of curves I and II in fig. 19. 

Evidence for the existence of three tyjies of cone and a first crude 
determination of the unique set of sjwctral sensitivity curves for these types 
have been obtained in this investigation by a method completely inde- 
(>endent of colour-matching measurements. The precise connexion between 
the three mechanisms demanded by colour-mat(‘hing expesriments and the 
three ty\yo^ of cone assumed hero must be close but it remains to be eluci- 
dated. 

1'ho writer has mucli pleasure in acknowledging the assistance rendered 
by Mr Gordon-Smith and Mr Dew in carrying out the measurements 
described. His thanks aixi also duo to Professor llartridge for helpful 
criticism of the paper. 

The work was carried out under the auspices of the Illumination Re- 
searcli Committee of the Department of Scientific and Industrial Research, 

Summary 

A light ray terminating on a given point of the retina has different visual 
effects depending on its direction of incidence on the retina. The direction 
of im^idcnce can be varied by sending the ray into tlie eye through different 
points of the pupil ojiening. The primary object of Uiis work was to de- 
termine the effect of direction of incidence on threshold sensitivity but 
the results obtained cover the wider problem of the dependence of threshold 
sensitivity on the condition of stimulation of the retina. The tost stimulus 
was a patch of light of diameter I "* and of wave-length A, exposed for a 
fraction of a second eveiy few seconds. the smallest perceptible in- 
tensity of the test stimulus, was measured in energy units, the sensitivity 
then being defined as With parafoveal vision of the test stimulus by 
the dark -adapted eye it was found that direction of incidence had little 
effect on sensitivity when A was less than 580 m/i but a pronounced effect 
for longer wave-lengths. The dark-adapted fovea gave a pronounced 
directional effect at all wave-lengths. 

The condition of the retina was modified by making the subject view a 
patch of liglit of diameter 10° (wave-length fiy and intensity W^) at whose 
1 ‘ontro the test stimulus was applied as an additional stimulus. For para- 
foveal vision, the directional effect showed a marked increase in passing 
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from low to high intensities, and the curve connecting the threshold value 
and the intensity of the conditioning field showed a corresponding 
change of law. These two connected effects are attributed to a change from 
rod vision at low intensities to cone vision at high intensities, the rods and 
cones being assumed to have different directional properties. For foveal 
vision, which involves the cones only, somewhat similar effects were ob- 
served and are explained by assuming three types of t*ones for which tlio 
relative spectral sensitivities are roughly determined. Normally the 
threshold value increases firoportionally with the intensity of the condi- 
tioning field at high intensities (Weber’s Law) but a striking deviation 
from this rule was observed for a blue test stimulus on a re<l conditioning 
field. Increase in the intensity of the conditioning field beyond a certain 
value produced no corresponding increase in the threshold value. This result 
is ascribed to a special property of the “blue ’’cones. In the present investi- 
gation the hypothesis of three types of cone whose properties have been 
approximately determined has been developed from measurements which 
are riompletely independent of colour-matching data. 
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A rcinvestigatiori of turacin, the copper 
porphyrin pigment of certain birds 
belonging to the Miisophagidae 

By Claitbe Riminotoh 

From the National Imtitule for Medical Research 

[Communicated by Sir Henry Dale, F.R.S.— Received 28 October 1938) 

l^’TRODUCTOnV 

The first careful examination of the red jtigment occurring in the wing 
feathers of certain turacos, African birds belonging to the family Muso- 
phagidao, N. 0. Scansores, was made by f'hiirch in 1869, and he it was w'ho 
proposed the name “Turacin” for this pigment. His observations were 
extended in 1892, and since then the subject has received study at the 
hands of I^aidlaw (1904) and Fischer and his associates. Fischer and 
Hilgor (1924) reported that turacin was identical with the copper comjdex 
of uro[)orphyrin 1. 

The system of nomenclature developed by Fischer is based upon differ- 
ences in regard to the positions of the substituent groups upon the pyrrole 
nuclei comjwising the porphine ring system. In the case of the aetio- 
porphyrins, there are jiresent four methyl and four ethyl groups which nmy 
be arranged in such a manner that four possible isomeric ootinporphyrins 
result. Fischer has named these aetioporphyrins 1, If, HI and IV, and 
each may be regarded as the parent substance of a potential series of 
porphyrin pigments. Replacement of the four ethyl grou|)s by propionic 
acid residues gives rise to the co[>roporphyrins which are thus tetracarboxy- 
lic acids. When, in addition, four acetic acid residues take the place of the 
methyl groups, the uroporphyrins result, possessing eight carboxyl groiijM 
in the molecule. These relationships are illustrated by the formulae for 
coproporphyrins I and III, and for urojwrphyrin 1, reproduced in the 
accompanying figures (see figs. 1-3). 

So far, only porphyrins belonging to the isomeric series I or III have been 
found in nature. For a more detailed discussion of the occurrence in nature 

[ 100 ] 
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of porphyring of the two geries, the publicatioiui of Figcher and hig co- 
workerg or the paper by Kimington (1936) may be congulted. Haemo- 
globin, the bile pigmentg, and the proethetic groupg of catalage and cyto- 
chrome C, are all derivable from gerieg III, and these isomers have come to 
be regarded as “physiological On the other hand, derivatives of serieg 1 , 
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Fkj. 1. (^oproporphyrin I. Ester m.p. 261" 



Fig. 2. Coproporjihyrin Til. Ester m.i>. 146“ and 172‘^('. 



Fio. 3. Uroporphyrin 1— probable structure. 

such an copropoq^hyrin I and uroporpliyrin I, which are excreted in re- 
latively large quantities in congenital poq^hyrinuria, have, by contrast, 
been regarded as “pathological” or “abnormal” products. The rigidity of 
this distinction has been weakened by recent developments, and it has now 
become clearly untenable. Rather must it be recognized that in many 
instances the body elaborates both isomeric types, and pathological con- 
ditions are characterized chemically by an alteration in the ratio of I to 
III series isomers, as well as by enhanced total excretion of porphyrin. 

Thus, it was shown by Rimington (1936, 1937), investigating bovine 
congenital porphyrinuria, and by Fischer and Hoffmann (1937) in the case 
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of material from the human congenital porphyrinuric Petry , that the 
uropoiphyrin occurring in bones and urine in this anomaly is not pure 
uroporphyrin I, as previously supposed, but a mixture of uroporphyrin I 
and uroporphyrin 111 , in which the I series isomer predominates. Similarly , 
in congenital jiorphyrinuric bovines, tJie urinary co])roporphyrin was 
HJiown to consist of a mixture of the I and 111 series pigments (Rimington 
and Roets 1937). 

The ratio of the tw'o isomers, one to the other, has been determined for a 
number of affected bovines (unpublished data of Rimington and Roets), 
anti, although this is not constant from animal to animal, it is clear that 
the proportion of co[)roporpliyriti III in the total mixed excretion is by no 
moans negligibitj (e.g. 3*7 % in one case). 

A eoproporphyrin from normal human urine was first obtained in 
crystalline condition by Fink and Hoerburger (1934), who identified it as 
coproporphyria I, but quite recently Grotepass (1938) has reinvestigated 
this question of the normal urinary pigment and found that, hero again, 
coproporphyria III accompanies coproporphyria I, in this case in nearly 
equal quantity. So far, the prin<*iple of duality has not been extended to 
the haemoglobins, botli normal haemoglobin and that of congenital per- 
phyrinurics being regarded as a series Til derivative. However, it may be 
recalled that Fischer and Kirrmann (1929), when investigating this 
problem by means of conversion of the prosthetic group into the corres- 
ponding meso[)orphyrin, and isolation and identification of the crystalline 
ester of the latter, experienced considerable difficulty in obtaining a meso- 
porphyrin ester with the right melting-point. Nearly all their preparations 
melted some 10‘^ or so low'er than does pure Meso IX ester, and the possi- 
bility would seem to be not excluded that further refinements of technique 
may yet allow that two isomeric types of haemoglobin circulate in mamma- 
lian blood. 

The chemical evidence adduced by Waldenstrom {1935, 1936), and by 
Mertens (1936), during the past few years, that in acute idiopathic por- 
phyrinuria uropor])hyrin III is excreted, in contrast to the (preponderat- 
ing) uroporpliyrin 1 of congenital prophyrinuria, led at once to a re- 
orientation of ideas concerning the porphyrinurias and made it necessary 
to regard acute idiopathic porphyrinuria os a disease with a pathogenesis 
fundamentally distinct from that of porphyrinuria of the congenital type. 
Quite recently, however, Turner (1938) has described a case of acute 
idiopathic |K)rphyrinuria, the urine of which contained both uroporphyrin 
I and uroporphyrin III, whilst Dobriner (1936) found both copropor- 
phyrins I and III in the stools of a case of chronic porphyria with no 
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liistory of poisoning by lead or sedative drugs. It is clear that the interpre* 
tation of the chemical findings is beset with difficulty; the more closely 
excretory pigments are studied in any condition, the more frequently does 
it appear that both isomeric types are present. 

The work now reported was commenced in the summer of 1 937, when 
what might be termed the “ Unitarian doctrine” of the chemistry of con- 
genital porphyrinuric pigments was being disproved by Fischer in Europe 
and by Rimington and Roots in South Africa. A reinvestigation of turacin 
seemed desirable in order to as<;ertaiii whether or not, in this case also, 
such a naturally formed pigment would l)o found to be associated with 
small quantities of its structural isomer. Fischer and Hilger (1924) had 
described the isolation from turacin of uroporphyrin f with ester m.j). 
295", similar to that found by Fischer in “ Fetry ” urine, but at that date 
the existence of por|)hyrin duality had not been clearly recognized, and 
uroporphyrin III had not then been described. It was thought possible, 
therefore, that small quantities of the nioi’e soluble III isomer might have 
been overlooked in working up the experimental material. 

Before entering into a detailed description of the experiments, however, 
a short summary may be ])resented of our knowledge concerning this 
interesting pigment, particularly since over half a century has elapsed 
since Church’s publications, which may still be read as classics. 


Fkkvioijs chemical investigations upon turacin 

Church (1869), whose intiu'cst in the subject was stimulated by Teget- 
meier, recalls that a Mr Wanl of Wigmore Street hiul noticed the ease with 
which the red pigment of turaco feathers may be leached out when the 
coloured portion is placed in water. It was observed later that a little soap 
or alkali markedly facilit.ated solution. Dr B. Hinde, principal military 
medical officer at Bathurst, Gambia (1865), sent home to a friend in Ireland 
a pail* of violet plantain-eaters {MuaopJiuga violacea), but after a few days in 
captivity, the birds being “provided with ample space and all ap])liances 
for cleanliness”, the crimson colour of the wing feathers had entirely 
disappeared, much to the disaiipointment of the new owner, who naturally 
thought Dr Hinde had been imiiosed upon. A third bird, so young as to be 
only partly fledged, was procured, however, and as soon as the adult 
plumage had developed, it was released in the enclosure with identical 
result. 

Church in his first i)ai)er (1869) records the detection of turacin in 
twelve different species of the Musophagidae and its isolation from four by 
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moans of solution from the defatted feathers in dilute alkali, precipitation 
with acid, etc. The absorption spectrum of the pigment and its properties 
are recorded, including elementary analyses and the detection of copper as 
an integral constituent of the pigment molecule. The resemblance shown by 
turacin to haematin was {jorceived by Church, but ho refrained from re- 
garding it as a blood pigment containing copper instead of iron. The close 
relationship existing between the two was demonstrated oxi>erimentaUy by 
Laidlaw in 1904 . 

In his second publication of 1892 Church records instances of turacos in 
captivity having moulted and rcnewe<l their crimson plumage, without 
having hod access to any source of copper other than that provided by their 
vegetable diet consisting chiefly of bananas. “Decided traces” of copper 
were detected in the ash left by bananas w^hen incinerated. Ho recalls the 
discovery by Fredoricq (1878) of a second co})|)er-contaimng pigment in 
nature, the now familiar haemocyanin, and mentions that Lupton (1873) 
found copper in the ash of green feathers from an Australian love-bird, 
Melopsittacus undulatus. 

The number of turacos containing turacin was at this time advanced by 
Church to eighteen,* and extensive notes were given concerning the geo- 
graphical distribution of the birds. The pigment itself was subjected to a 
careful spectroscopic examination (with the aid of MacMutm), and the 
figures given for the positions of the absorption bands are in exceedingly 
good agreement with modern determinations. Moreover, the partial 
remt)val of coppei* by concentrated sulphuric acid, to give a four-banded 
haomatoporphyrin-like s[)ectru»n, was observed, and the name turaco- 
porphyrin ])roposed for the product. Finally, many new analytical data for 
turacin were collected, the figures arrived at being not far from those now 
known to bo demanded by its composition as a copper uroporphyrin com- 
plex. 

It was this similarity with the composition of uroporphyrin which in- 
duced Fischer and Hilger (1923) to attempt the isolation of the pure ester, 
and to compare it with that derived from ”Petry” urine. Removal of 
copper from the complex was effected by heating in a mixture of acetic and 
hydrobromic acids, but the ester of the free porphyrin failed to crystallize. 
In a later paper Fischer and Hilger (1924) record an alternative method 
which they eventually found to be successful ; copper is removed by shaking 
the pigment in alkaline solution with sodium amalgam. It would ap()car 

• Uoaed upon the cliissitication in the BnU Mvs. Cal. Birds^ 19, 1891. The family 
has since undergone extonsivo revision (soo Sclator's “Systoma Avium -dSthiopi- 
carum", 1924). , 
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from a careful reading of this paper that considerable difficulties were still 
encountered, but a crystalline uroporphyrin ester was finally obtained 
having m.p. 295° C. and giving no depression with uro-ester from ‘‘Petry ” 
urine. The yield of turacin is given as between 0-1 and 0-15 g. from the 
feathers of a single bird, but the yield of crystalline uroporphyrin ester 
obtained is not recorded. 

Method of present investigation 

As final confirmation of the identity of any uroporphyrin, it is very 
desirable that the pigment should bo transformed by decarboxylation into 
the corresponding coproporphyrin, since all four coproporphyrins and their 
esters have been synthesized, and their meIting“j)oint8 are known. A con- 
venient means of bringing about this transformation has been discovered 
by Fischer and Zerweek (1924), the uroporphyrin ester being suspended in 
I % hydrochloric acid and heated under pressures for 3 hr. at 180 190°C. 

The present investigation was commenced with about a dozen pigmented 
wing feathers from a living Tiiracun corythait,"^ The (‘oloured j>f)rtiona were 
defatted by extraction wdth boiling other and were then worked up accord- 
ing to the technique of Fischer and Hilger (1924), employing sodium 
amalgam for the removal of the copper. The final uroporphyrin methyl 
ester was dissolved in hot chloroform and boiling methyl alcoliol added. 
The ester which separated, crystallized with difficulty, and the mother 
licpiors were intensely coloured. As it seemed possible that some chloro- 
form-soluble impurity was still present in the preparation, the entire 
pigment w^as saponified by alkali and, after several precifutations at the 
isoelectric point, the free uro])orphyrin was again esterified and the ester 
crystallized as before. Once again the material crystallized with difficulty 
in the form of aggregations of extremely small needles suspended in an 
intensely coloured mother liquor. This behaviour is reminiscent of uro- 
porphyrin III ester rather than of uroporphyrin I, which crystallizes from 
chloroform and methyl alcohol leaving a practically colourless mother 
liquor. Moreover, the melting-point of the ester derived from turacin was 
260° and could not be raised substantially above this figure. The methyl 
ester of uroporphyrin I has m.p. 302°, that of uroporphyrin 111 m.p. 
255-7°, when crystallized from methyl alcohol. 

In order to obtain further results for comparison, another turaco was 
obtained from Dr Thomas of Ondorstepoort Veterinary Laboratory. This 

• T am indebted to Dr Bigalke, Director of tho Pretoria Municipal Zoological 
Gardens, South Africa, for this gift. 
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waB a specimen shot in the Northern Transvaal for the South African 
Zoological Survey, and was afterwards identified for me by the British 
Museum (Natural History) as Oallirez porphyreolophus. A preparation of 
turacin from the feathers and of the derived uroporphyrin methyl ester 
led to a similar result, namely, a uroporphyrin ester melting at about 260° 
and having properties characteristic of the 111 series isomer. Since a 
quantitative separation of the coproporphyrin isomers and their individual 
identification is much more easily accomplished than that of the uro- 
porphyrins, a larger quantity of turacin was prepared, derived from the 
feathers of these two birds (Turacus corythaiz and Oallirex porphyreo- 
lopkus)y the corresponding uroporphyrin ester obtained, and this material 
subjected to decarboxylation forthwith. As the technu^uo with subsequent 
specimens has differed in no material way, the experiment will be de- 
scribed in detail. 

I’he coloured portions of the feathers were cut up and extracted in a 
Soxhlet a[q}aratus with ether, then dried and weighed, and the pigment 
dissolved by soaking in several changes of 1 % ammonium hydroxide. The 
combined extracts, which exhibited the characteristic, absorption bands of 
turacin at 662*0, 625* S m/i, were filteml, and the pigment precipitated by 
addition of acetic or hydrochloric acid. 'J’ho precjipitated tura(*in w^as 
centrifuged off, w'ashcd with water, and the precipitation process repeated 
several times before finally drying in vacuo. Copper was amoved by dis- 
solving in dilute potassium hydroxide (20 c.c!.) and adding 0*25 g. of 4 % 
sodium amalgam, in small portions at a time, ami shaking vigorously after 
each addition. After some hours the colourless solution was filtered through 
a no. 50 Whatman paj)er, and the pigment reoxidized by bubbling a stream 
of air through the solution for 14 hr. Addition of acetic acid to pH 3*5- 4*0 
now precipitated the free uroporphyrin, which, after washing with water 
containing a little acetic aend, and reprecipitation, was drie<l and estoritied 
by solution in methyl alcohol saturated with hydrochloric acid gas. After 
standing overnight the solution was diluted wnth metliyl alcohol, filtered 
and the ester transferred to chloroform after copious dilution with water. 
The chloroform layer, washed with dilute sodium carbonate solution and 
then water, w'as filtered and evaporatetl to dryness in a tarod basin, the 
weight of crude uroporphyrin ester being thus obtained. 

The entire yield of uroporphyrin ester was now transferred to a hard 
glass combustion tube by tneans of chloroform, the solvent evaporated off, 
and about 30 c.c. of I % liydrochloric acid added. The tube was sealed and 
heated in a Carius furnace for 3 hr. at 196°. The resulting red, acid solution 
was filtered from some dark amorphous material (soluble in alkali to yield 
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a greenish brown solution without characteristic absorption bands), and 
shaken once with ether to romovo a small quantity of brownish material. 
Fresh ether was then added, a little glacial acetic acid and sufHcient 
saturated potassium acetate to make the solution neutral to Congo red. 
Upon shaking, the coproporjibyrin passed into the ether phase, which was 
separated, washed free from a(^etic acid, and evaporated to dryness. The 
porphyrin residue was esterified with methyl alcoholic hydrochloric acid as 
described for uroporphyrin, and the chloroform solution of the ester 
evaporated in a weighed dish. From 47-7 mg. of crude uroporphyrin ester 
there were obtained 23*6 mg. of crude coproporphyrin ester. 

In order to effccjt the separation of <!opro{)orphyrin I and 111, advantage 
was taken of the fact that the ester of coproporphyria III is appreciably 
soluble in cold other (more so in cold methyl alcohol), whilst that of co- 
proporphyrin 1 is insoluble. Several w^orkers in this field have employed 
methyl alcohol to separate the two isomers but in this laboratory cold, dry 
ether is preferred. The coproporphyrin TIT ester dissolves nu)re slowly, but 
the pigment may be recovered directly from the solvent by concentration 
until crystallization commences, or to dryness, followed by chloroform- 
ether crystallization. A brownish pigment — presumably an oxidation 
product of coproi)orphyrin ester — and having an intense absorption band 
in the region of 645 m/i, is often present in small quantity at the end of a 
series of operations, and may seriously interfere with crystallization. It 
possesses the characteristics, liowovor, of being very readily soluble in 
ether and also of possessing a high a(;id number (over 10), so that when 
operating in the manner outlined below it is easily removed. During 
crystallization from dry ether it is left almost entirely in the mother 
liquors. The crude coproporphyrin ester was waslied with i)etroIo!im ether 
and then stirred with successive quantities of pure anhydrous ether 
(distilled over sodium). The first washings were deeply pigmented, but when 
solution became slower, the operation was stopped and the sparingly 
soluble residue dissolved in a little warm chloroform to which dry ether 
was added (fraction 5). No precipitate formed at room temperature, but in 
the ice chest a deposit of straiglit, jmsmatic needles, usually in clusters, 
came down, leaving a deeply coloured mother liquor. The crystals were 
centrifuged down, washed with a little anhydrous ether, which became 
appreciably coloured (fraction 4), and then dried. Yield 14 mg. The 
material proved to bo pure cofiroporphyrin 111 methyl ester, m.p. 153- 
J63'6”, remelt after cooling nS-e"" (see fig. 4). All melting points were 
observed upon the electrically heated micro-melting point apparatus of 
Kofler, as supplied by A. Schenach, Innsbriick. A specimen of synthetic 
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coproporphyrin III tetramothyl ester from Professor H. Fischer softened 
at 143” and melted at 150- 3". A mixture with the ester isolated had m.p. 
I60-r\ remelt 170-3”. No co])roporphyrin I ester could be detected in this 
material. The ether washing of those crystals (fraction 4) was shaken with 
a little 5 % hydrochloric acid which removed the ester, leaving in the ether 
a trace of the brown pigment with band at 045 in/i. By addition of potas- 
sium acetate, the material was now driven back from the acid to fresh 
ether, and this solution, after thorough washing, dehydrated with a pinch 



Fio. 4. Coproporphyria 111 tctraincthyl ostor, in.p, ISS-ISS'S'’ C, roinolt 173- 6®C, by 
(Icnarboxylution of tlio turacin obtainod from 2'uracua corythaix and Gallirex por- 
phyreoUyphm (mixed aarnplo), x 120. 


of anhydrous sodium carbonate, filtered and allow^od to evaporate. The 
residue consisted of beautifully formed crystals of coproporphyrin III 
ester, m.p. 150”, rernelt 174-fi". 

The deeply coloured mother liquor of the main crystallization (fraction 6) 
was added to the ether washings of the crude esters and purified by 
transference to liy<irochloric acid, firstly 0*5 which removed a trace, 
follow'ed by 5 % acid and recovery as outlined above. Fractions 1 and 2 
were obtained having rn.p. 147-9^, rcnielt 173-5", and 149-51 *, romelt 
174-6" respectively. 

Since all these smaller fractions consisted of coproporphyriri III ester, 
they were combined and recrystallized, yielding 4 mg, with m.p, 146-8°, 
rernelt 172 4", thus bringing the total yield of ]mre crystalline material to 
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L 8 mg. or 7 6- 3 % of the crude coproporphyrin ester obtained from the 
decarboxylation. The spectrum in ether me<isured with a simple direct- 
vision spectroscope was 625, 588-570, 542-530, 612 485 m//. Microanalysis 
confirmed the identity with coproporphyrin HI niethyl ester. Since such 
small amounts of material could be spared, only single determinations were 
possible. It will be recalled that a tendency to incomplete combustion is 
apt to afford somewhat low carbon figures for porphyrin materials. 

Microanalysis 

3-870 tng, aubs. gave 9*305 mg. COj and 2-27 rng, HjO 

2-956 mg. „ „ 3*030 mg. Ag( 

2*932 mg. „ „ 0-213 c.c. of N, at 23" C and 764 niin. 

C H i\ CH3O 

Found 66*21 6-56 8*3 17*57 

C4oH*« 08N4(7 10*41) requires 67-66 6-63 7*9 17*47 

These results were entirely unexpected, as it has been customary to 
regard turacin as a pigment of the series 1 ty])e. At the most it was ho})cd 
that traces of coproporphyrin 111 might be found, together with a larger 
quantity of coproporphyrin I. In order to be certain that no unforeseen 
complication had arisen during the operations of decarboxylation, etc., a 
specimen of a known uroporphyrin 1 ester, m p. 293'^, from bovine con- 
genital porphyrinuric bone was decarboxylated and worked up in the same 
way. The coproporphyrin ester obtained (irystaUized at once from hot 
chloroform-methyl alcohol mixture in the typical long curved needles of 
coproporphyrin 1 ester and had ni.p, 251-2". 


Rksults obtain ku with different species 

It was next considered possible that different isomeric turacins might bo 
present in different turacos, and a careful search was therefore made to 
find which species Fischer and Hilger used in their original investigations. 
Although there are freejuent references in their two papers ( 1923 , 1924 ) to 
“Turacos*’ and “ Helmviiger* (different individuals or species?), I have 
only been able to find one inst/ance in which a systematic name is quoted - - 
on p, 64 of the 1024 article it is stated that a turacin derived from Turacus 
zenkeri was usotl to prepare the crystalline uroporphyrin ester which had 
m.p, 203". T, zenkeH is now regarded as a race of 7\ persn. 

It seemed that an investigation was desiral)Ie of as many of fhe turacin- 
bearing species as possible, since these birds have been nq)eatftdly instanced 
as producing a “pathological ” pigment — in fact as suffering from a j)hysio- 
logical porphyria of the type 1 or congenital ty[>e. 


8-2 
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Through the courtesy of the Trustees of the British Museum (Natural 
History) 1 wdn supplied with one specimen each of eleven of the seventeen 
speiues of these very rare birds known to contain a red pigment. The 
members not examined include Musophagu viokicta (West Africa), Pro- 
(urarus bannertnanni (Cameroons), Turacus schnetti sckuetii (Angola and 
Belgian Congo), T.Jificheri (coast of East Africa), T, erythrolophvs (Angola), 
and T. reiclienowi (Portuguese East Africa). I have, however, been able to 
examine oiu; syiccies *it least of mch of the above genera, cxco])t Protnracus. 
'I’he genera Caryfhaeola, Crinifer, Coryihaixoides and (iymvoschizorhis of the 
Musophagidao are reported not to contain the pigment (Sclater 1924), 

Since only limited quantities of material were available, great care had to 
bo exercised in order to obtain sufficient pure pigment for the final charac- 
terization; a inicro-technicjue of manipulation was adopted throughout. 
The method of preparation and working up of the pigment to the final 
eoproporphyrin ester differed in no essential from that already described. 
The results obtained are f)resentcd in the following table (see Table I). 

It is clear from the above records that, from each bird investigated, a 
])igment corresponding to eoproporphyrin TII methyl ester was eventually 
obtained, and in no case could the presence be detected of the ester of 
eoproporphyrin I. Only in a few instances was any material difficultly 
soluble in ether encountered in the crude eoproporphyrin ester mixture, 
and, when aiterapts were made to crystallize these traces from chloroform- 
methyl alcohol, the resulting material proved to bo either eoproporphyrin 
HI ester or an amoryjlious reddish brown substance, resembling in its pro- 
perties the ester of urof)orphyrin III (cf, note upon Turacus persa zenkeri), 

I am unable to ex])lain the divergence of my i*esults from those of Fischer 
and Hilger, but the following observations may not be out of place. 

According to their first paper on turacin, Fischer and Hilger (1923) were 
unable to crystallize the ester of the uroi)orphyrin obtained by removal 
of cop[>er from the feather pigment, although it was precipitated from 
hot chloroform -methyl alcohol solutions in a form resembling that of uro- 
l^orphyrin ester, and exhibited the correct spectrum when in chloroform 
solution. Attempts to pi-eyiare the copper complo.x of the ester in crystalline 
form, by methylation of turacin, were likewise fraught with difficulty, and 
successful in only one instance. The product, however, was accompanied 
by tarry material which precluded a melting-point determination. In con- 
sidering these ivsults, Fisclier and Hilger entertained the possibility that a 
inixturt^ of isomers might be present, but inclined rather to the view that 
failure to obtain crystalline products was due to the poor condition of the 
starting material. 
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Tabli;: I 



Wt. pig. 


Wt. total 



mentod 


eopropor- 

Melting-point of 


feathers 

Wt. uroporpliyriii 

pliyrin 

recryst. 


used 

ester 

eater 

coproporphyrin 

Name 

g- 

mg. 

mg. 

ester 

QalliTex 

0-37 

28-8 

80 

148°, remelt 175-6° 

porphyreolophua 


(m.p. 260- 4'^) 


(wt, 4-8 ing.) 

Muaopkaga roaaae 

0-63 

52-4 

8 0 

147 8°, remelt 170-1° 



(m.p. 205 15^) 

Additional 





trace 

145°, rtMuelt 172-6° 

Euwenzoromia 

0-42 

25-1 

120 

144 6°, remelt 172° 

johnatoni joknatoni 


(iii.p. 215-25°) 



Turacua achalowi 

0-52 

30-0 

27-8* 

143°, remelt 162° 

marungenaia 





Turacus corythaix 

0-33 

20-0 

7-4 

149°, remelt 176° 



(m.p. 250-4°) 


(wt. 7-2 mg.) 

Turmua peraa 

0-66 

38 

170* 

147 8°(3 Oing.), 172° 

zenkeri 




(additional 1*2 mg.) 

Turacua macros 

0-60 

.35-4 

00 

172-4°, after recryst. 

rhynchua verreauxi 


(m.p. 210°) 


149°, remelt 176-0° 

Turacua leucotia 

0*67 

20 4 

1 0-0* 

103-5°, remelt 172- 

leucotia 




3° (wt. 4-8 mg.) 

Turacua Imcolophua 

0-51 

26-7 

10-J* 

139-40°, remelt 167- 





9° (wt. 2-5 ing.) 

Turacua Uvingaioni 

0 50 

25 5 

10-2 

145 ", remelt 168°, 

limngaioni 




recryst. 172-3° 

Turactui hartlaubi 

0-47 

20-8 

12-2 

104-7% remelt 170-3° 

Residual mother 





liquors combined 



1-5 

148°, HMiielt 174-6° 


• Owing to incomploto docarboxylutiuii, Hoino urichangod uroporphyrin ostf»r, 
intiolublo in otliorp romainoil in this fnwtioii. It was removed by saiKinifying the esters 
and extracting the coproporphyrin with ether in the usual way. The coproporphyria 
was then r(‘-estorifiod and treated with anhydrous other for tlie separation cjf any 
coproporphyrin I ostor that might be prosoiit. 

In their later communication (1924), attempts are again recorded to 
prepare the methyl ester of turacin by the use of potassium methylate and 
potassium hydroxide. Only once were crystals obtained and these were too 
small to permit of exact identification. More success followed the jirepara- 
lion of the free uroporphyrin and its methyl ester. Copper was removed 
fwm 0* I g. of turacin (derived from Turacus zenkeri) by means of sodium 
amalgam, and the resulting uroporphyrin csterified by means of alcoholic 
hydrochloric acid. The product was crystallized from chloroform -methyl 
alcohol and washed with methyl alcohol, after which it melted at 296 °. Un- 
fortunately no yield is recorded. It seems to me possible, in seeking an ex- 
planation of the divergence between the present results and those of Fischer 



118 


C. Rimington 


and Hilgcr, that these workers may have had a mixture of the two isomeric 
uroporphyrin esters but, by crystallization from the solvents mentioned and 
repeated washing with methyl alcohol, have eliminated the relatively much 
more soluble uroi)orj)hyrin 111 methyl ester. This isomer can be extracted 
gradually from a mixture by stirring with methyl alcohol, although the 
process is very tedious. It is conceivable that, in these circumstances, a 
small quantity of relatively pure uroporphyrin T ester might have been 
obtained. 

In my own experiments I was obliged to work with very small quantities 
of material, but, as has been pointed out earlier, I deliberately refrained 
from any attcmy)t to i*ccTystallize the uroporphyrin ester until pure. Care 
w^os taken rather to include every trace of the crude uroporphyrin in the 
decarboxylation mixture, and an attempt to separate series I from series 
III isomers was made only when the entire pigment had been transformed 
into the corresponding coproporphyrin ester. The loss during decarboxyla- 
tion is considerable and the yield of co]^roporphyrin ester small, as found by 
Fischer and other workers, but uroporphyrins 1 and 111 react similarly in 
this respe(?t. Not the slightest <liflficiilty was encountered in obtaining a 
well-crystallized coproporphyrin 1 ester of m.p. 251-2° from an authentic 
specimen of uroporphyrin 1 ester (m.p. 293”). 

The purity of the final coproporphyrin ester 111 obtained in each case 
can be judged from its melting-point. Fischer and Hiorneis (1931) have 
shown, in a thorough investigation of the behaviour of the ester of copro- 
porphyrin 111, that this substance may crystallize in either the low (145°) 
or high (172°) melting-point form, or the preparation may show a melting- 
point intermediate between these figures. On heating above the first 
melting-point, cooling and then again recording the melt, the fusion point 
is now found to bo raised to the higher figure, provided the specimen is 
pure. When, however, coproporphyrin I ester was added to the 111 isomer, 
the melting-point could not be raised above 136° by this jirocess of fusion 
and cooling. Referring to the figures recorded in the present communica- 
tion, it will be seen that in the majority of instances, the remelting-point of 
the esters was 1 70° or over ; only in a few instances was I unable to secure a 
final melt better than 166° (e.g. 1\ leucohphus, 1\ achahwi). However, a 
rise from the first fusion point was invariably recorded. It is not impossible 
that these preparations contained very small quantities of the 1 isomer, 
but such was not to be detected or eliminated by fractional crystallization, 
and I have no alternative but to conclude that the turacins which 1 pre- 
pared and examined were, substantially, series III pigments of a configura- 
tion similar to that of haemoglobin. 
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I am greatly indebted to those who made this investigation possible by 
kindly supplying me with valuable material, namely, Dr Bigalke, Director 
of the Pretoria Municipal Zoological (lardens, for a gift of feathers from 
Turacus corythaix; Dr Thomas of Onderstepoort Veterinary Laboratory 
and the South African Zoological Survey for a H|iecimen of (Jallirex por~ 
phyreolophua-, and the Trustees of the British Museum, for very kindly 
putting at my disposal one 8|>ccimen of each of the remaining species 
examined. I also wish to thank Mr tl. Macdonald of the ornithological 
section, British Museum (Natural History), for his kindness in identifying 
the specimen of Qallirex pwphyreohplim and for allowing mo to examine 
the collection at the Museum. 

My thanks are also due to my technical assistant, Mr A. W. Hemmings, 
for his careful and skilful aid in the preparation of the materials and the 
conduct of the chemical operations involved. 


Summary 

Whilst investigating turacin, prepared from the wing feathers of 
Turacus corythaix, for possible traces of the III series isomer, it was found 
that the coproporphyrin obtained by decarboxylation of the uroporphyrin 
ester appeared to consist almost entirely of c-oproporphyrin llf. A thorough 
examination has therefore been matlc of the pigment derived from eleven 
different species of the Musophagidae, which included at least one repre- 
sentative of every turacin-bearing genus, except Protvracus. 

The turacin was extracted from the defatted feathers and converted into 
the corresponding uroporphyrin ester. No attempt was made to obtain a 
pure uroporphyrin ester at this stage. Since the isomeric coproporphyrins 
are more easily separated than are the uroporphyrins, the entire yield of 
crude uroporphyrin was decarboxylated in dilute acid under pressure and 
the resulting ooi)roporphyrin fraction estcrified. The copropoqjhyrin 
methyl ester so obtained was fractionated by a method which serves to 
separate the scries 1 from the series III isomer. In every case crystalline 
coproporphyrin HI methyl ester, with the correct double melting-point, 
was obtained, but in no instance was I successful in isolating or detecting 
the presence of any coproporphyrin 1 methyl ester. Those turacins would 
appear, therefore, to be, substantially, derivatives belonging to series HI, 
to which the normal porphyrin pigments of animals and plants predomi- 
nantly belong. 
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The role of blue-green algae in nitrogen fixation 

in rice-fields 


By P. K. De 

Qwi&n Mary College, Unit>er.nty of London 

(Communicated by F. E. Fritsch, F.R. 8 . —Received 30 November 1938) 

The problem, with which this ])aper deals, arose out of the observation 
that in India rice can be grown on the same land for long periods without 
the addition of manure to the soil (Howard 1924, p. 114). 

Three distinct periods are distinguishable in Indian rice fields, viz. - 

(1) Waterlogged period (from transplantation up to harvest time), in 
which there are a few inches to several feet of water above the soil and 
which is distinguished by the growth of abundant algae. 

(2) The dry period, which follows in winter after harvest and during 
which conditions remain very suitable for microbiological activity. 

(3) The desiccation i)eriod, commencing after winter when the soil 
temperature frequently exceeds 60“ C. 

The ability of rice to grow, year after year, in the absence of manure, 
might either be the result of the fixation of nitrogen in the soil, or the rice 
plants themselves might harbour a nitrogen-fixing symbiont after the 
manner of the Leguminosae. In the latter connexion it is noteworthy that 
Sen (1929) has demonstrated the occurrence of a nitrogen-fixing bacterium 
within the root of the rice plant, while Viswanath (1932) has obtained indi- 
cations that rice plants possess the {rawer of assimilating elementary 
nitrogen. In the waterlogged period conditions are unfavourable for 
cert-ain bacteria like Azotobacter (Do and Bose 1938) which are unlikely to be 
very active at this time. 

The abundant growth of algae in the first period is beneficial in aerating 
the up]ier layers of the submerged soils (Harrison and Aiyer 1914). A 
number of exyieriments, carried out in India, to ascertain whether fixation 
of nitrogen takes {dace at these times suggested the possibility of the algae 
present being involved and has led to the present investigation. In the 
ex{)eriments referred to, 16 g. samples of soils from different parts of India 
were covered with distilled water. In certain of these cultures ko{>t in the 
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light, particularly in those having a high pH, abundant algal growth con- 
sisting mainly of blue-green algae appeared, and determinations made 
after three months showed a considerable increase in total nitrogen varying 
from 4 to 35 % (De 1936). The absence of fixation in the cultures kept in the 
dark implies that bacteria cannot alone be involved, while the fact that 
considerable fixation took place only in those producing abundant growth 
of blue-green algae suggests that these algae may play an important role. 
This is also indicated by the fact that, wdieri a little of the algal grow'th from 
a Faridpur soil culture was kept in the nitrogen-free medium described on 
p, 128 (medium Tl) for 2 months, the algae grew abundantly with fixation 
of nitrogen mg./lOO c.c. of medium). 

The fixation of nitrogen by blue-green algae was first examined by 
Bouilhai! (1896)* in species of Nostoc with negative results. Heinzo (1906), 
on the other hand, claimed to have obtained evidence of nitrogen fixation 
in a culture of Noaioc contaminated with a Strepioihrixy which by itself 
exhibited no nitrogen fixation (cf. the criticism of Bristol and Page 1923, 
p. 379 ). Mo]is(‘h {1926), utilizing two strains of Nostoc isolated from a 
state of symbiosis, found that they grew well in a nitrogen-free solution, 
and from this observation concluded that they were able to fix nitrogen. 
The growth of the algae, as shown by dry-weight determinations, was 
better in the nitrogen-free solution than in the presence of nitrate. Drewes 
(1928) isolated Anabaena mriahilis^ A. sp. and Nostoc puncHJorme in pure 
cultures, the purity of which was tested by ino(5ulation inti> four different 
bacteriological media. The algae were grown in nitrogen-free solutions and 
were found to fix nitrogen. Allison and Morris (1932) obtained Anabaena 
mriabilis free of bacteria by exposure to the light of a quartz mercury 
vapour lamj) for periods varying from 1 to 20 min. at a distance of 20 cm. 
Purity was tested for by inoculation into four commonly used bacterio- 
logical media, as w^ell as by direct microscopic examination. When grown in 
Ashby's medium containing no nitrogen or sugar, an average fixation of 
5 mg. of nitrogen was obtained in 100 c.c. of the media during a period of 
76 days. Aeration with air (containing 1 % 00 ^ or the addition of sucrose to 
the medium stimulated nitrogen fixation. More recently Allison and 
Hoover (1935). using a species of Nostac isolated from soil and purified by 
the same method, found it to possess the capacity of fixing as much as 
10-20 mg. of nitrogen per 100 c.c. of medium in 50-80 days, the medium 
containing neither fixed nitrogen nor a source of energy. When supplied 
with a suitable source of energy such as glucose, the alga fixed nitrogen in 
the dark. Vouk and Wellisch (1931) claim, without giving details, to have 
* For the earlier literature seo also Schramm (1914). 
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isolated three species of symbiotic blue-green algae, and from their ability 
to grow in nitrogen-free solutions they conclude that they are able to fix 
nitrogen. Copeland (1932), in a very brief paper, reports that he has 
obtained from nitrogen-deficient warm springs Oscillatoria princeps, O. 
formom, Spirulina labyrinthiformia and Phormidium laminosum, which 
were able to fix nitrogen. Gerhard Winter (1935) isolated two species of 
Nostoc and found that they did not fix nitrogen when grown in mineral 
salt solution without carbohydrates. In the presence of glucose and 
fructose a measurable amount of nitrogen was fixed, and more in the dark 
than in the light. 

With the exception of (k>i>cland (1932), therefore, all investigators have 
observed fixation of nitrogen only by Noaioc and Anabaena, One misses in 
these researches, however, adequate evidence as to freedom from bacteria 
on the part of the cultures. Molisch (1926), Vouk and Wcllisch (1931), and 
Copeland (1932) do not state how the purity of the cultures was tested. 
Drewcs (1928) and Winter (1935) used several bacteriological solid media 
and bouillon, but the evidence is not conclusive, since on solid media, in 
the jiresence of algae, there may bo no visible growth of bacteria although 
present, while in bouillon certain nitrogen-fixing bacteria may not de- 
velop. A similar criticism ap])lies to the researches of Allison and co- 
workers (1932, 1935). 

My work falls into two stages, viz. (i) isolation of certain species of blue- 
green algae in a pure condition, free from bacteria and other contaminating 
organisms; (ii) investigation of the capa(;ity of the pure cultures to fix 
nitrogen. The first stage, which occupied nearly a year, proved exception- 
ally difficult, owing to the copious mucilage which is produced by the algae 
involved and which not only provides a natural medium for the growth of 
bacteria, but renders their removal by purely mechanical means quite 
impossible. 


Isolation of thk algak 

Of the diverse soils, which had shown considerable nitrogen fixation, 
that from Faridpur was selected for detailed study. (Jrowth composed of 
spores of Anabaem', Phormidium foveolarum and a green uniciellular form, 
which had arisen from it in India, was brought to this country in sealed 
tubes. From this growth placed in Pringsheim’s solution (p. 124) unialgal 
cultures wore prepared of a s})Ociea of Anabaena and of the Phormidium. 
A fresh series of cultures was also made from dried soil brought from India, 
which when covered with distilled water provided after some weeks a 
thick growth, composed mainly of species of Anabaena. The development 
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of Chlorophyceoe was markedly reduced by transference to a nitrogen-free 
medium (p. 1 28 ) in which good growth of blue-green algae took place within 
a month. 

Before attempting to obtain unialgal cultures, the growth in different 
solutions, viz. those of Benecke, Geitler, Maertens, Brunnthaler and 
Pringsheim (cf. Kufferath 1930), was investigated. The solutions of Geitler, 
Maertens and Brunnthaler all proved unsatisfactory both as regards 
rapidity and amount of growth. In Pringsheim ’s solution the ultimate bulk 
of the growth was considerable, but it developed slowly. The initial growth 
was very rapid in Benecke’s solution, but after a short time the cultures 
became almost colourless. This was found to be due to an increase in acidity 
of the medum (initial pH 6*8, final pH 5 * 2 ) resulting from a more rapid 
absorption of ammonium ions than nitrate ions. To neutralize the acidity 
the amount of phosphate in the medium was increased to 1 g.jl. In this 
solution the growth looked healthier, but the algal cells were abnormally 
elongated, and when a little of the material was subcultured in the same 
medium (Benccko’s solution) growth took place only very slowly. The 
filaments of Aimhaena grown in Benecko’s solution were almost devoid of 
hetcrocysts. The i)roBence of ammonium nitrate in the Benecke’s solution 
being thus clearly disadvantageous, the medium was modified for my 
purposes by substituting potassium nitrate for ammonium nitrate. In this 
modified solution growth was nearly as rapid as in the original Benecke, 
and the An^haeTia filaments showed no abnormalities. With certain 
modifications, it uas used in all the subsequent experiments. Its composi- 
tion is as follows: KNO3 0-2 g.; MgSO^.THjjO 0-2 g.; K2HP()4 0*2 g.; 
CaCla 0-1 g. ; FeChj (1 %) 2 drops; water (pyrox distilled) 1000 c.c. 

In some expeiiinents sterilized soil extract* was used as the base. Not 
only does such a medium afford rapid and abundant growth, but the algae 
remain healthy for a long period rendering frequent subculturings un- 
necessary. Soil extract was not employed, however, until the cultures had 
been obtained in a pure condition. 

In obtaining unialgal cultures the following method was finally adopted : 
pieces of the material are streaked over the surface of several agar plates 
by means of a platinum loop, and these are then exposed to light until at 
least some show good growth ( 2-3 weeks). Under the microscope numerous 
filaments radiate from the points of inoculation, and single healthy ones 

♦ The soil ('xtroct uaod throughout this Investigation was prepared by autoclaving 
for half on hour at 20 1b. pressure 1 kg. of soil with 1000 c.o. of tap water, with the 
addition of a little calcium carbonate. The extract was filtered, again autoclaved, and 
then allowed to stimd for a few days. The clear supomatont liquid was carefully 
decanted off and preserved after sterilization in the autoclave. 
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can bo selected and their positions marked with Indian ink. Portions of the 
agar including such marked areas are then cut out, again examined micro- 
scopically to make sure that only one filament is included and transferred 
to the liquid medium (p. 124 ). One or other plate always provided filaments 
suitable for isolation by this method, which enabled me to obtain five 
species of Anabaena and Phormidium foveolarum in unialgal culture. 

The forms, for the determination of which I am indebted to l^ofessor 
F. E. Fritsoh, are Anabaena gelatinom n.sp., A, namculoides n.sp., A, 
variabilis Kiitz. var. ellipsospora n.var., a form of A, torulom ((^^ann.) 
Lagerh., A. therynalift Vouk var. indim n.var., and Phormidivm foveolamvi 
(lorn. 

In order to obtain bacteria-free cultures of these forms, diverse methods 
have been tried, using unialgal cultures of Amibaeim variabilis. These 
included immersion in solutions of sea salt of different concentrations, 
exposure to drought, growth in a medium with different doses of thymol, 
treatment of the spores with a 0*2 % solution of mercuric chloride, ex- 
posure to ultra-violet light, and culture on silica gel plates. The lost method, 
already used by Pringsheim (1913), was the only one that was successful ; in 
the others either the bacteria were unaffected or the treatment proved 
lethal to the alga. 

The silica gel was prepared by mixing equal volumes of hydrochloric 
acid (sp. gr. l-l) and potassium silicate solution (sp. gr. 1 - 00 ); 40 c.c. 
portions of the mixture were placed in a number of 9 cm. Petri dishes. 
After 48 hr., when the gel had hardened, the plates were first washed in 
running tap water until free from acid and subsequently several times with 
boiled distilled water. Each j)late was then impregnated with 4 c.c. of the 
following solution: KNO3 0-1 g.; MgSO^.THgO 0*lg. ; K2HPO4 0*2 g,, 
('aCl2 0*1 g. ; FeClg (I %) 1 drop; water (pyrex distilled) 100 c.c. 

Finally, the plates w^ero exposed to a temi>erature of OO'’ C until the 
surface of the gel was fairly dry and then sterilized by heating in flowing 
steam for 15 min. 

In the early experiments a rather heavy inoculum was used, but it soon 
became apparent that this did not lead to any marked reduction in 
bacterial numbers. The following method of inoculation was thereupon 
adopted. A little of the algal growth was vigorously shaken for half an 
hour with a little sterilized water in a test-tube closed with a rubber 
stopper. In this way the algal filaments were broken into fragments and 
the bacteria tended to be washed out of the mucilage. The number of 
fragments in several loopfuls of this suspension was counted under low 
power and the sus()onsion was diluted with water so that a loopful contained 
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only 3-6 fragments. A loopful of the diluted suspension was transferred to 
the centre of a silica plate and spread over the surface by means of a bent 
glass rod. After this the plates were exposed to light in a greenhouse. 
After the appearance of colonies a little of each was transferred to one of 
the soil-extraot-nitrate-cane-sugar-agar plates described below, and, if 
found contaminated, fresh subcultures on silica gel were made as above and 
the process repeated. When one or more colonies were obtained, which 
appeared to bo pure when tested by the above method, they were trans- 
ferred to a culture medium and allowed to grow for some time. They were 
finally tested for purity by the methods described below. In this way 
Anabaena naviculoides and A , variabilis were obtained in pure culture. The 
bactoria-fi'ce cultures of A, gelatinosa and Phonnidium foveolarum wore 
obtained by a slightly different method. These species readily form motile 
hormogonia which become distributed over the silica plate, so that isolate<l 
filaments or colonies are found on the plates far away from the point of 
inoculation. When such growths are transferred to the cane-sugar-iutrate 
plates, the alga grows at a much greater rate than the bacteria, so that some 
of the newly formed filaments outgrow the zone of bacteria. Further 
multiplication gives rise to a number of bacteria-freo filaments. 

It is necessary to apply a number of different tests to establish the jiurity 
of such algal cultures, since in the present investigation cultures apparently 
free from bacteria according to one test have shown evidence of contamina- 
tion on being subjected to a differtmt one. 

The following four media (both solid and liquid) were used in testing the 
purity of the cultures; (1) nutrient agar; (2) egg-albumen-glucosc-agar 
(Waksman 1922); ( 3 ) soil-extract-nitrate-cane-sugar-agar (medium given 
oiip. 124 with 40 c,c. soil extract and lOg. cane-sugar); ( 4 ) algae-extract- 
glucose-agar. For the last, about 100-120 g. of moist algal material from a 
number of cultures was autoclaved for 20 min. at 10 lb. pressure with 
600 c.c. of distilled water, the extract being filtered and sterilized. The 
medium was as follows; algae extract 200 c.c.; glucose I g. ; K2HPO4 
0-2 g. ; distilled water to make 600 c.c. Several drops of a suspension of the 
supposedly pure algal growtlj were inoculated into the different liquid 
media, w hich were then incubated in the dark at 30 ° C for 4 weeks, the 
presence or absence of turbidity in the media being taken as an index of 
the presence or absence of bacteria. Plates were also made wdth the agar 
media, but no bacterial colony appeared in any of them. Similar tests wore 
made on suspensions of algal material crushed under water with a glass rod. 

Since the value of this investigation depends entirely on the complete 
elimination of bacteria, a number of cultures were subjected to a critical 
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exatnination by Dr Hugh Nicol (Department of Bacteriology, Rothamsted). 
I take this opportunity to tender him my best thanks for his valuable help. 
In the report with which he furnished me, he states that he is satisfied, after 
making diverse tests, that my cultui'es are free from bacteria. 

Stock cultures of the algae used in the subsequent investigation were 
kept growing in 250 c.c. Erlcnmeycr flasks with 100 c.c. of the liquid 
medium (p. 124) containing 1 % glucose or cane-sugar, so that bacterial 
contamination would readily be recognized. Subcultures into a fresh 
medium were made from time to time, but before each transfer the parent 
culture was thoroughly tested in order to ensure that it had not become 
contaminated. 


The NITBOOKN -fixing OAPACITV ok the ALrOAE 

Pyrex Erlenmeyer flasks of 250 c.c. capacity, containing 100 c.c. of liquid 
medium and plugged with cotton^wool, were sterilized by autoclaving for 
20 min. at 20 lb. pressure. The flasks \i'ere then allowed to stand for at 
least 3 days before being inoculated with a suspension of the alga in water. 
As a rule four replicates were made for each treatment, but in a few experi- 
ments the number had to be rcducc<l to three. The parent cultures were 
grown in mineral siilt solution containing 1 % cane-sugar (p. 124) and were 
25'30 days old ; the age and previous history of these cultures were kept as 
similar as possible. An attempt \vas made to test the uniformity of the 
suspension used by determining the total length of the algal filaments in 
equal volumes of the suspension. It was found that there was a reasonable 
degree of uniformity between the different samples taken from one in- 
oculum, but that there was considerable variation in mean fragment length 
between the inocula prepared on different occasions. This means that iii 
different experiments flasks will have been inoculated with different 
amounts of the inoculum. Since, however, conclusions are drawn only 
from individual experiments, and no (comparison is made between the 
results of separate experiments this is immaterial. The slightly varying 
amounts of inoculum in one and the same experiment will probably have 
some effect on the initial growth, but it does not seem likely that the 
ultimate growth will bo appreciably affected, since the latter is usually 
<letermined essentially by the supply of food material, the accumulation of 
metabolic products and environmental conditions. 

Some experiments were carried out in a greenhouse, others in specially 
constructed culture chambers in which both temperature and light in- 
tensity were controlled. In the greenhouse these two factors varied, but 
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since all the cultures of a given experiment, and of all the experiments 
l>erformod simultaneously, were subjected to the same vfl((riations, their 
effect on the ultimate results will have been the same. Comparisons are, 
however, only valid if made between results obtained in the same or in 
simultaneous experiments. The temperature of the greenhouse varied 
between 66 and SO'" F in winter and between 70 and lOif F in summer. 
Sunlight was sujiplernented l)y six 160 W lamps arranged in a row at a 
distance of 2 J ft. from one another and at a height of 1 ft. above the culture 
Aasks. Such illumination was continuous during winter, but confined to 
night time during siiminor. The flasks were grouped in random j>ositions on 
the bench. 

Two culture chambers were used, the smaller 18 x 15 in. and the larger 
36 X 16 in. The actual chamber {A in fig. 1) containing the cultures, Sin. 
deep, was surrounded on the bottom and sides by a water-jacket (fi) 
heated electrically by evenly distributed heating elements in the com- 
partment C\ the sides were provided with adjustable ventilators penetrat- 
ing the water-jacket. The temperature in A whs regulated by a Hearson 
capsule A’, and was maintained at 36 ± 1 "" C. The top of chamber A was 
covered by an easily removable | in. plate glass, F, The flasks in A were 
continuously illuminated by eight 25 W lamps in the larger and four 
40 W lamps in the smaller apparatus. The lamps were carried on a sheet 
steel lamp-panel, supported only at the ends so as to leave the front 
and back open for manipulation; the panel and its supports were white 
enamelled on the inside and so acted as reflectors securing more even 
illumination. All the cultures in a given experiment wore grown in the same 
chamber, and the positions of the flasks were frequently interchanged in 
order to eliminate as far as possible the effect of any local variation of light 
intensity. The chambers were screened to shut out daylight and possible 
illumination from other sources. Special tests showed that an adequate 
supply of CO2 was maintained within the chambem. 

The nitrogen-free medium generally used and referred to below as 
medium I was that described on p. 124 , with the omission of potassium 
nitrate. In certain experiments the following nitrogen-free medium 
(medium II) was used; K2HPO4 0’6g.; MgS04.7H20 0-2 g.; CaH04 O'J g.; 
FeP04 0*1 g. ; Ga3(P04)2 1*0 g.; FeClg (1 %) 2 drops; water (pyrox distilled) 
1000 c.c. This is adapted from one used by Thornton (1930) for growing 
lucerne and has been employed extensively in India for growing the algae 
of rice flelds. 

At the conclusion of an experiment the entire contents of the culture 
vessel (medium -h alga) were |X)ured into a Kjeldahl flask, any growth 
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adhering to the side of the vessel being washed out with pure concentrated 
H28O4. Total nitrogen was estimated by the Kjeldahl^Gunning method. 
Digestion and distillation were carried out in the usual way, the ammonia 
evolved being absorbed in N/10 H2SO4 and estimated by back titration with 
N/10 NaOH, using methyl red as an indicator. For the determination of 



small amounts of nitrogen, o.g. that in the external medium, N/ 5 () acid and 
alkali were used, but the acid was boiled so as to drive off COg before 
titration. Before analysing cultures grown on a medium originally con- 
taining nitrate, a few drops of the culture liquid were tested with di- 
phenylamine. Such tests for nitrate were always negative. Blank estima- 
tions on the uninoGulatcd medium (N-free) and the reagents were made 
from time to time. The value never exceeded 0*1 c.c. of N/IO H2SO4 and 
was subtracted from the result of analysis. 




Vol. cxxvii. B. 
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(a) Anabaens variabilis (Table I) 

One series of experiments with this alga was carried out in the culture 
chamber (A) and the other in the greenhouse (B). In the former series the 
following media were used: ( 1 ) medium I (p. 128), N-free; (2) medium 1 + 
soil extract; (3) medium I + nitrate; (4) medium I + nitrate + soil extract. 
In the greenhouse series the same media were used, except that in (1) 
medium II (p. 128) was substituted. 


Table I. Nitrogen fixation by AifjB ^ 4KNA vMtiAnius 

Nitrogen in mg. per 100 e.c. of the modium. Period of incubation — 60 days 
Culture chamber (^ ) Orronbouse (B) 




N aftci 


Average 

N after 


Average 


N at 

the Gx- 


of the 

the ex- 


of the 

Media 

start 

penment 

N fixoii 

senes 

periment 

N fixed 

series 

1, N-free 

— 

2-8 

2-8 

2-6 

3*8 

3*8 

4-1 

(medium I 


2-4 

24 


4*3 

4*3 


in A\ 


27 

2-7 


4*3 

4*3 


medium H 
in B) 


25 

2-5 


4*2 

4*2 


2. N-free 

0-3 

6-4 

5*1 

4*7 

4-0 

3*7 

3*9 

+ «oil 


5 0 

4-7 


4*2 

3*9 


extract 


4-3 

40 


4-5 

4*2 




5-4 

51 


4*1 

3*8 


3. N-froo 

2-0 

3*2 

0*3 

0*7 

3*2 

0*3 

0*4 

+ nitrate 


35 

0*« 


3*4 

0*6 




41 

1-2 


3*4 

0*5 




3*5 

0-6 


— 

— 


4. N-freo 

3-2 

01 

6*9 


8*6 

6*4 

4*1 

+ nitrate 


8-tt 

5*4 


7*8 

4*6 


-f sod 


8*5 

6-3 


7*6 

4*3 


extract 


9« 

6*4 


5*4 

2*2 



In the first series the growth was at first rapid and no distinction could bo 
drawn between the cultures with and without nitrate. After some days, 
however, all the nitrate cultures, ea[iecially those containing soil extract, 
became jiale or nearly colourless, while those without nitrate remained as 
green as before. In Imth there was little submerged growth, the major 
imrtion fioating at the surface, and there was a tendency for the alga to 
grow above the level of the fiuid along the sides of the flask. Uy the end of 
the second week only the cultures without nitrate, but containing soil 
extract, remained green, although occasional green patches became 
noticeable on the nearly colourless growth of the nitrate + soil -extract 
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cultures. These patches gradually increased in extent, and by the end of 
the third week the alga in these particular cultures again became green and 
showed renewed growth. No other marked change in the condition of the 
cultures was noticed during the remainder of the experiment. 

The growth in the greenhouse aeries was also rapid in the beginning, 
though entirely submerged. Here, too, the nitrate cultures became pole 
green after some time. The cultures with nitrated soil extract did not 
remain in this condition for long, but, like the corresponding cultures in the 
chamber, again became deep green and showed renewed growth. The 
cultures grown in medium II, without soil extract, remained deep green 
throughout, thus contrasting with the corre8i)onding cultures in the first 
series, which were grown in medium I. In the greenhouse only those 
cultures grown with nitrate and without soil extract remained pale up to 
the end. 


(6) Anabaena gelatinosa {Table II) 

The experiments with this alga were performed only under greenhouse 
conditions, using the same media as in the second scries with A, variabilis. 
While the latter alga in the early stages of growth forms a number of 
minute colonics, A, gelatinosa quickly forms a continuous stratum over the 
bottom, gradually spreading from here until it finally covers the entire 

Table II. Nitrooen fixation by AnabaeaWa gelatinosa 


Nitrogen in mg./lOOc.c. of tho medium. 
Porio<l of inciiY>ation —60 daye (greenhouse cultures) 




N after tlie 


Average of 

Me<lia 

N at start 

experiment 

N fixed 

tho series 

1 . N-free 

— 

30 

3*0 

3*6 



3-7 

3*7 




3-2 

3*2 




4*0 

4*0 


2. N-froe+soil extract 

0-3 

4-5 

4*2 

4*4 



4.4 

4*1 




6*0 

4*7 




4*8 

4*6 


3. N-froo + nitrate 

2*9 

3*2 

0*3 

0*4 



3*4 

0*6 




3*2 

0*3 


4. N-free + nitrate 

3-2 

7*2 

4*0 

3*9 

-t- 8 oll extract 


7*0 

3*8 




7-0 

3*8 




7*3 

4*1 



9-2 
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submorgerl surface of the flask. In older cultures the stratum becomes 
detached and remains suspended in the solution as small flakes. 

The growth of A . gelatinosa in nitrogen-free solution was nearly as rapid 
as in the presence of nitrate. In the early stages the nitrate cultures were 
of a deeper colour than those growing without nitrate, but this condition 
was reversed in the later stages. (Uiltures grown with nitrate -h soil extract 
showed the same features as those of A. variahilis; they woi*o green at first, 
then became almost colourless and subsequently again became green. 

(c) Anabacna naviculoides and Phormidium foveolarum 

These were not examined in such great detail, a little growth from a 
liquid culture of each being introduced into medium II and into one made 
up of medium T with soil extract + nitrate. The cultures were kept in the 
greenhouse for 60 rlays. Amilniena aavicvloideit grew well in both solutions, 
but Phormidium foveolarum tnadc absolutely no gn>wth in the nitrogen-free 
solution, although in nitrate -h soil extract the growth was (^uite abundant. 

Nitrogen fixation by Anal)aena naviculoides and 
Phormidium foveolarum 

(Nitrogen fixed in ing./lOO c.c, of the mediiini) 

N-freo inediutn Nitrate + soil extract 


Anabacna 2-7 3*8 

navlculoidcH 2*6 3*5 

Vkonnidium No growth Nd 

foveolaram 0*2 


The results of the analyses of the different ex|)eriment8 are considered 
below. In order to determine the distribution of the nitrogenous substances 
formed, between the alga iiiid the surrounding medium, some of the 
cultures in the above experiments w^ere filtered before analysis, and the 
clear filtrate an«l tlio algal growth analysed separately. The rosulto in 
Table HI show that a considerable f)art of the nitrogen is j)rescnt in the 
external inediurii. A portion of the latter was distilled with MgO, but no 
ammonia was formed. Evidently all the nitrogen was present in an organic 
form, and was completely j)recipitatc<i by basic lead acetate. 

In these and subsequent experiments the observed increase in nitrogen 
might be duo to absorption of a certain amount of ammonia or of oxides of 
nitrogen from the air, but this is disproved by the fact that the uninoculated 
control flasks (N-free), exposed side by side with the cultures, did not show 
any increase in nitrogen. An experiment was, moreover, performed in 
which the culture flasks were constantly aerated with air freed from 
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Tablb hi. Nitboobn in thk aloal bodirs and 

IN THK EXTERNAL MEDIUM AS MG. PER FLASK 




N in 

N in external 


N in algal 

oxtemal 

medium as % 

Media 

Total N bodies 

medium 

of total N 


Anabaena variabilis 



N-free 

2-8 hH 

0*98 

36 

N-free + soil extract 

ri*4 3*0 

2*4 

44 

N-free-(-8oil extract 

96 60 

2*7 

28 

nitrate 

Anabaena gekUinosa 



N-free 

4*0 2*7 

1*3 

32 

N -free + soil extract 

4*4 3*0 

1*4 

32 

N -free -H soil extract + 

7*3 6*9 

1*4 

19 


nitrato 

ammonia and nitrous gases ; the amount of nitrogen fixed did not differ 
materially from that fixed in non-aerated cultures. 

The abundant growth of all three species of yfnabama in the nitrogen- 
free solution indicates their capacity to assimilate elementary nitn)gen. 
Tliis was confirmed by analysis of the cultures which showed increases in 
nitrogen far beyond any which could be attributed to experimental error. 
Pfiormidium foveolarum, on the other hand, showed no grow^th whatever in 
the nitrogen-free solution, and although growth was considerable in nitrato 
-h soil extract, the total nitrogen content of the cultures at the end of the 
experiment was the same as at the beginning. A second experiment gave 
the same result. Evidently this alga is quite unable to fix atmospheric 
nitrogen. 

It is remarkable that in the presence of nitrate (without soil extract) 
there was scarcely any fixation of nitrogen, either by A nafmena mriabilis or 
by A.gdatinosa, although the growth was good. An analysis of the medium 
at the end of the experiment showed a complete absence of nitrate, so that 
the organisms in tliese experiments grew only at the expense of the com- 
bined nitrogen present in the culture solution. It thus appears that, as 
long as suitable nitrogen compounds are present, the algae in question 
assimilate those latter and do not fix nitrogen. In this respect their be- 
haviour is similar to that of Azotobacter, which, as Jlonazzi (1921) has 
shown, has recourse to nitrogen fixation only if starved of nitrogenous 
compounds. 

The addition of soil extract stimulates the fixation of nitrogen in certain 
instances. Thus, in the experiments with A, variabilis using medium 1 
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(cf. Table I), the alga fixed much more nitrogen when a little soil extract 
was added to the solution; in other experiments (B, 1 and 2) in which 
medium IT was used, this effect was not observed. The stimulating effect of 
soil extract is also clearly seen in the nitrate cultures (3 and 4 ). As already 
noted, these in the absence of soil extract ( 3 ) exhibit scarcely any fixation, 
but there is a considerable increase in the amount of nitrogen fixed when a 
little soil extract is added ( 4 ), although hero, too, there is no nitrate left 
in the medium at the end of the ex[>eriment. The organisms in sucli cultures 
probably grow initially at the expense of the nitrate, and it is only after the 
supply of the latter is exhausted that the more complex process of nitrogen 
fixation sets in. 

The influence of soil extract in stimulating nitrogen flxatiofi may be due 
to the additional nutrients supplied or to the addition of growth-])romoting 
substances. It has already been pointed out that the amount of nitrogen 
fixed by A. variafnlis and by A, gelalinosa in medium I H- soil extract is 
essentially the same as that fixed in medium II without soil extract (cf. 
Tables I and II). Medium II is, however, richer in nutrients than medium I. 
This would, therefore, suggest that the effect of addition of soil extract is to 
supply additional nutrients. It is difficult, however, to accept this as the 
only factor involved, since the quantity of soil extract added (4 c.c. in 
100 c.c. of the medium) is too small to contribute any appreciable amount 
of nutrients. Soil infusion also has a stimulating effect on the fixation of 
nitrogen by Azotohacler, and various hypotheses have been put forward to 
explain its action. Remy and Rosing (1911) and Carston Olson (1930) 
attribute the action to the iron present, while Allen (1919) supposes that 
the colloids of the humus prevent complete precipitation of the phosphates 
and thus facilitate phosphatic nutrition of the Azotobacter, The beneficial 
effect of humus has also been ascribed to its inorganic constituents, 
particularly aluminium and silicic acid. 

It remains consider the rolo of bacteria in the process of nitrogen 
fixation in the rice fields. It is possible that the algae, while fixing nitrogen 
themselves, might simultaneously afford conditions favourable for the 
activities of nitrogen-fixing bacteria. Such relations have frequently been 
discussed (see the summary in Bristol-Roaoh 1927) before it was established 
that certain algae could tliomselvcs fix elementary nitrogen. The algae 
have been thought to stimulate the fixation of nitrogen by bacteria either 
by utilizing the nitrogenous products of the latter and thus creating con- 
ditions favourable for their continued activity or by furnishing synthesized 
carbohydrate materials serving as a source of energy. The first hypothesis 
does not, however, seem very probable, since algae grow much more 
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slowly than bacteria or fungi, so that nitrogenous products, if any, liberated 
in the soil might be quickly acted upon by other types of bacteria and fungi 
before algae could avail themselves of them. 

On the other hand bacteria (not necessarily nitrogen-fixing species) 
might absorb materials produced by the algae so that an association of the 
latter with bacteria might stimulate nitrogen fixation by the algae. In 
order to investigate this point two similar cultures of Anahama variabilis, 
one devoid of bacteria and the other contaminated with them, were set up 
under greenhouse conditions and the amounts of nitrogen fixed in two 
months determined. The average of four experiments gave for tlie pure 
culture 4'2 rag. and for the impure 3-7 mg. of nitrogen, which does not 
favour the view that the presence of bacteria has any effect on the fixation 
of nitrogen. 

As regarrls the second hypothesis mentioned above it seems possible that 
the carbohydrate materials synthesized by algae may servo, either directly 
or after transformation into simpler substances, os sources of energy for 
nitrogen-fixing bacteria. An experiment was carried out to investigate 
such availability, using Azotobacler chroococcum, an organism present in 
abundance in Faridpur soil (De and Fain 1936). Three sets of cultures were 
undertaken —the first with the alga alone, the second with alga -h/l 20^0- 
bacter, and the third with AzoUjhaefer alone. Medium I was employed, but 


Tablk IV. Influrnoe of Azotobacter on the 
FIXATION of nitrogen BY ALGAE 


Nitrogen in mg./lOO o.c. of the rnediiim (the numbers in parentheses are averages) 


AncUniena variahilffi 


Alga 

3'4 

4-0 (3-7) 

3-7 

3*6 


Alga + Azotobacter 
3*7 

3-8 (3*8) 

3*8 

4*0 


Anabaena gelcUinosa 


Alga 

3*5 

2*0 (3*2) 

3*2 

3*0 


Alga + A zotobacter 
3*0 

3*0 (3*1) 

2*9 

3*4 


in order to encourage the growth of Azotobacter y the amount of phosphate 
was increased to 0*5 g./l.; soil extract was added in the usual proportion. 
The second and third cultures were inoculated, both at the beginning of the 
experiment and again after a period of 1 month, with a suspension in water 
of a 4-day old culture of Azotobacter grown on Ashby’s agar. The cultures 
remained in the culture chamber for 2 months, after which they were 
analysed for total nitrogen. There was no fixation of nitrogen in the 
cultures containing Azotoba>cter only. 
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The amount of nitrogen fixed by the mixed cultures did not differ from 
that in the cultures containing the alga only. Microscopic examination of 
the former at the conclusion of the exjieriment showed scarcely any 
Azofvbacter, indicating that the conditions were not favourable for its 
development. These results may be duo to a variety of causes, but they do 
not favour the view that AzoiohacUr is able to use directly the carbo- 
hydrate materials synthesized by the algae in question. 

Tn the next place an endeavour was made to ascertain whether dead 
algal bodies, undergoing decomposition in the soil, could provide materials 
suitable to act as a source of energy. Tn this experiment soil was used os 
tho medium in order to facilitate the growth of different kinds of micro- 
organisms firescnt in it. A mixture of 1 6 g. of Faridpur soil and 100 c.c. of 
distilled water was fdaced in each of twelve Erlcnmeyer flasks plugged 
with cotton-wool. Six of the flasks were sterilized by autoclaving at 20 lb. 
pressure for half an hour on two consecutive days, and then inoculated 
with a suspension in water of baeteria-free Anuhtiena variabilis. The whole 
series of flasks was then removed to the culture chamber and kept there for 
2 months during which abundant growth of algae took place in all. At tho 
end of this period, the contents of six flasks — thi*eo with sterilized and three 
with unsterilized soil — were analysed for total nitrogen. The remaining 
six flasks wore sterilized, which of course killed the contained algae, in- 
oculated with a little suspension of Faridpur soil and incubated for a month 
at 30"^ (J in the dark. At tho end of the month the total nitrogen in these 
flasks was estimated. 

Tho results of this experiment are given in Table V. Series (1) and (3) 
show' fixation of nitrogen by tho algoc^., while series (2) and (4) show the 
eliect of tlie decomposition of the algae grown in (1) and (3) respectively on 
the total nitrogen content of the soil. These results bring out several facts. 
Series (1) show's that algae can grow and fix nitrogen in the mil, inde- 
pendently of the presen{*e of bacteria or fungi. It is of interest that in 
unsterilized soil (si'ries 3), where ]>crhap8 a number of algae worked in con- 
junction with bacteria or fungi, as much nitrogen was fixed as in the steri- 
lized soil where only one siiecies of alga and no bacteria or fungi were con- 
cerned. I'his provides additional support for tho view already expressed 
that tJie activity of the algoo is not affected by tho presence of other 
organisms. A comparison of scries (1) and (2), as w'cll as of (3) and (4), 
demonstrates that the presence of decomposing algal bodies does not 
result in any appreciable increase in tho total nitrogen content of the soil, 
which tends to suggest that such products of decomposition do not serve as 
a source of energy for the nitrogen-fixing bacteria. This conclusion is, 
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Table V. Influence of the presence of decomposing 

ALOAE IN THE SOIL ON THE FIXATION OF NITROOKN 


(Nitrogen in mg. in 16 g. of soil; the iiumberH in paronihosoH aro averages) 




N after the 


Series 

N at start 

exporimont 

N fixed 

( 1 ) Sterilized soil + alga 

3*3 

14*1 

6*8 



13-6 

6*3 (6*6) 



141 

6*8 

(2) Same cultures sterilized after 

8-3 

13-8 

6*6 

2 Tiionths and inoculated 


13*8 

5*6 (6*6) 

with soil Musponsion 


141 

6*8 

(3) Unsterilized soil 

8-3 

13-8 

6*6 



13*8 

5 6 (6*6) 



13*9 

6*6 

(4) Same cultures sterilized after 

8-3 

13*6 

5*3 

2 months and inoculated 


14*1 

6*8 (6*6) 

with soil suspension 


13*8 

6*6 


however, open to criticism on the gn)und that the amount of energy -giving 
material available is too small to allow of the fixation of any measurable 
amount of additional nitrogen. However that may be, the results show that 
bacteria in these soils play a relatively unimportant role in the fixation of 
nitrogen. 

A consiileration of the (J * N ratio of the algae involved demonstrates that 
tliey do not aiford material suitable to serve as a source of energy for 
nitrogen-fixing bacteria. The C;N ratio of Anafjoena variahilis is 10:1 
(C % N % 3 - 0 ). Winogradsky and Ziemiecka (1928) inoculated soil 

rich in Azotohacier to a medium containing mannitol and varying doses of 
nitrate and found that the development of Azotohacier became less and less 
vigorous with increasing amount of nitrate and that it stojijied completely 
when the (J : N ratio reached 100 C : 0 - 4 N. Waksman and Tenney (1927) 
have shown that plant materials containing more than 1*7 % of nitrogen 
decompose in the soil with immediate production of ammonia. A similar 
observation has been made by Jensen (1929), who found that, when 
organic materials with a (h N ratio less than 20 : 1 decomjiosed in an 
alkaline soil (pH 7 - 42 ), a part of the nitrogen readily became available. 

In view of these conclusions it may probably be assumed that decom- 
position of algae in the soil will be attended by an immediate production of 
ammonia. It is well known that the addition of ammonium sulplmte, of 
nitrate and of materials rich in nitrogen to the soil tends to check the 
development of Azotohacier, Thus, Ziemiecka (1932), who determined the 
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numbers of Azotohader in the soils of the classical plots at Bothamsted, 
found that the highest number of colonies was afforded by the plots re- 
ceiving complete minerals but no nitrogen, while the plots receiving 
nitrogen showed no or few colonies of Azoi4)bacter, It was suggested that 
this was due to competition with other organisms the growth of which was 
stimulated by added nitrogen compounds. It, therefore, follows that the 
decomposition of algae in the soil, far from encouraging the growth of 
Azofjobacter, will have a depressing eftect upon it. 

The above considerations indicate that it is legitimate to conclude that 
the fixation of nitrogen in the soil of the rice fields is brought about mainly 
by algae. 

In conclusion the author wishes to express his gratitude to Professor 
F. E. Fritsch, under whose supervision the j^resfent investigation was 
carried out, to Dr F. M. Haines for valuable suggestions and continuous 
help, and to the Imperial Council of Agricultural Research in India for 
enabling the author to visit England in order to carry out the investigation. 

yUMMARY 

The investigation deals with nitrogen fixation by certain blue-green 
algae isolated from the soil of an Indian rice field. By repeated subcultur- 
ing on sterilized silica gel plates three 8[)ecies of Anabaena and Phormidium 
Joveolarum A^ere obtained in {)ure bacteria-free cultures. Cultures from 
inocula of the species of Aruibaena after growing for some weeks in nitro- 
gen-free solutions exhibited considerable increase in nitrogen, and such 
nitrogen fixation was stimulated by the addition of small amounts of soil 
extract. PJujrmidium foveolarum, on the other hand, afforded no evidence 
of nitrogen fixation. A considerable part of the nitrogen fixed is found in 
V the external medium in an organic form. Evidence was obtained that 
' algae are the main agents of nitrogen fixation in the rice fields, and that the 
part played by bacteria is relatively unimportant and possibly nil. 
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Introduction 

1'he present investigation is a natural cennbination of two converging 
lines of development. 

In the first i)lace the oestrogenic activity of some quite simple compounds 
was noted and efforts w'ere made to modify the structures in the hope of 
increasing their potency. Among these substances the following may be 
mentioned: 

1-keto-l :2:3:4-Tetrahydrophenanthrene (Cook, Dodds, Hewott and 
Lawson 1934); 

4 : 4'-Dihydroxydiphenyl; 

p-n-Propylphenol ; 

p-Hydroxybutyrophenone (Dodds and Lawson 1938); 

4 : 4'-Dihydroxydiphenyletliane and 4 : -l^dihydroxystilbene (Dodds and 
Lawson 1937; Dodds, Fitzgerald and Lawson 1937). 

Attention from this point of view was concentrated on the diphenylethane 
and stilbene series following the discovery that the product of demethyl- 
ation of anethole contains a potent substance which is not p-propenyU 
phenol ( Dodds and Lawson 1937); it was obvious that this substance might 
be a diphenylethane derivative. 

Secondly, in view of the difficulty presented by the total synthesis of the 
naturally occurring oestrogenic hormones, attempts were made to prepare 
more accessible substances the molecules of which would be similar to 
oestradiol (I) in shape, weight, and in the situation of the hydroxyl groups. 
Taking cognizance of the known weak but definite oestrogenie activity of 
4 : 4'-dihydroxydiphenyl it appeared that both hydroxyls might well be 

[ 140 ] 
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phenolic and the types II, III and IV were indicated as worthy of detailed 
study. The two approaches meet in the compound IV : 



The dimethyl ether of II (/m?w-fusion of the tetralin nuclei) had already 
been prepared (Raniago and Robinson 1933, 1935) and on dcmethylation 
by means of hydriodic acid it affords the dihydroxyhexahydrochryaene which 
was found to possess oestrogenic firojxjrties (fully oestrogenic in doses of 
0*001 g. to ovariectomizod rats). A specimen of an oily product thought to 
be IV (see, however, p. 144 ) had an oestrogenic potency of about the same 
order. 

As the result of a very recent observation that the active compound 
produced in the course of the dcmethylation of anethole (Campbell, Dodds 
and Lawson 1938) actually corresponds to the structure IV, the earlier 
results are being reviewed and extended. We are attempting the resolution 
of the substance in order to determine which of the two know n isomerides 
(see p. 154 ) cori-esponds to the racemic and which to the meso configuration. 

During the period of the present research w^e were impressed by the fact 
that 4 : 4 '-dihydroxystilbone is more active than 4 : 4 '-dihydroxydiphenyl- 
ethane and hence concentrated on the examination of C-alkylatcd deri- 
vatives of the former substance which may be termed “stilboestrol’*. 

The method of synthesis used was selected because it facilitated the 
variation of the substituents. Deoxyanisoin was alkylated (R) and then 
brought into reaction with a Orignard agent (iJ'Mg hah). The resulting 
carbinol (V) was then dehydrated with formation of the dialkylstilboestrol 
dimethyl ether (VI). Demethylation by acids or aluminium halides failed 


10*2 
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but could be effected by means of hot alcoholic potassium hydroxide, the 
reaction being carried out in an autoclave. 

Mono-alkylated stilboostrols were similarly prepared, omitting the stage 
of alkylation of deoxyanisoin: 


NaOEt 


MeO<(“^ CO . CHj<( ^ OMe -gj-* MeO . C,H* . CO . CHi? . CeH«OMe 


-♦ MeO . C,H4 . CE'(OH) . CHE . C,H4 . OMe ( V) 
MeO . C4H4 . CE' : CE . C,H4 . OMe (VI) 

-♦ HO . C,H4 . CE : CE' . C,H4 . OH. 


Tablf. 1 



R* 

H 

H 

H 

C.H4 

H 

C,H. 

CH3 

CH, 

CH3 

C,H. 

C3H3 

C*H, 

C3H3 

Wr- C'3H7 


— CH=CII^’Ha 

— CII-- Ctt~CHs 

--(nir^CH 


n-CaH, 

(eo-CjH, 

fEO-CaH, 




MonohydroxyihotliylHtilbwio 


Doho 

% 

Hat 

units per g. 

in ing. 

positive 

estimated 

6 

80 

140 

10 

100 


0-1 

60 

6,000 

01 

100 

10,000 

0*02 

80 

40,000 

003 

100 


0-0006 

30 

1,000,000 

0-00 1 

100 


0'0003 

80 

3,000,000 

0-0004 

100 


0-001 

Traeo 

300,000 

0-01 

100 


0-001 

60 

400,000 

0-005 

100 


0-0 1 

30 

20,000 

0-1 

100 


0-01 

76 

60,000 

0-1 

100 


0-026 

60 

20,000 

01 

100 


0-01 

Nil 

6,000 

0-1 

40 


0-1 

Trace 

10 

1-0 

100 



Tlie results of biological teste (Table I) show that a remarkable peak in 
oestrogenic activity is found in diethylstilboestrol, and it is at least a 
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noteworthy coincidence that the centrally situated chain of six carbon 
atoms corresponds exactly with the oestradiol structure (I). 

We were able to isolate an isomeride of diethylstilboestrol from the mother 
liquors of the last stage of the preparation and this substance, ^-diethyl- 
stilboestrol, is probably the ct>-stilbene derivative. As shown in Table II, 
which includes some miscellaneous results, ^!r-diethylstilboostrol is a weaker 
oestrogenic agent than diethylstilboestrol itself. By all analogies this latter 
substance should be the ^miw-derivative which, as indicated by the models, 
is clearly the more closely related stereochomically to oestradiol: 

oiU OH3 
I I 


trana da 






We may anticipate that the further study of the sterooisomoric diliydroxy- 
diethyldiphenylmethanes will throw further light on the validity of this 


argument to which wo attach very great importance. 


Tablb it 


Dose 

0/ 

/o 

Substance 

in mg. 

positive 

4 : 4 '-Dihydroxy -a -benzyl Hlenediphonyl- 

0-1 

100 

methane 

VS^-Diothylstilboostrol 

(or>y) 

25 


(l-Oy) 

100 

1 -Ethyl - 2 (f>-hydroxyphenyI)-6-hy€lroxy- 

10 

20 

1 : 2 : 3 : 4 -tetrahydronAphthalono 

100 

100 


001 

20 

Oil OH 

It 11 

0*1 

100 

CMci OM03 

4 : 4 ^a^-Tetrahydroxydiraethyldiphen> 1 - 

100*0 

100 

ethane 

4 : 4 '-a/?-Totrahydroxydiothy Idiphenyl- 

0*1 

100 

othano 

U-01 

80 

4 : 4 '-a)tf-Tetrahydroxydipropyl<hphonyl- 

100 

100 

ethane 


Table II also includes a naphthalene derivative obtained in the course 
of attempts to obtain substances of type III. In the course of our work we 
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had occasion to prepare pinacols of p-hydroxyacylbenzenes; these sub- 
stances are a/ 7 -dihydroxy-dorivativos of 4 : 4 '-dialkyldiphenylmethane 8 and 
they exhibit oestrogenic properties (see Table 11 ). 

On dehydration by moans of a boiling mixture of acetyl chloride and 
acetic anhydride these pinacols afford substituted 4 : 4 '-dihydroxydiphenyl- 
butadienes which are powerful oestrogenic agents. As shown in Table III 
the maximum activity is again found when the central chain comprises six 
carbon atoms. 4 : 4 ’-Dihydroxy-y-S-diphenyl-fi : S-hexadiene, later termed 
the “diene", is, in fact, about as potent as diethylstilboestrol and, as men- 
tioned below, may be superior to it in some respects. 


Table III 





>" 



i A 


Dobp 

0/ 

/o 



in mp:. 

positive) 

4:4'-Dihydroxy-/5(:y-diphonylbutadiene 


10 

100 



1 

Trac‘0 

4 : 4'-Dihydrt)xy -y :5-dii>henyl-yS j^-htixadione 


0‘0oor> 

100 



0«0004 

70 

4 : 4'-Dihydroxy-J: t-diphcny 1-y : e-fn-twiiono 


0-01 

100 



0*002 

Nil 

(4-hyilroxyphenyl)-a :(y"iliphenylbutadwno 

10 

Nil 




On catalytic reduction this diene gives a good yield of a tetrahydro- 
derivative (formula IV), m.p. 184 °, which substance has been identified by 
Campbell, Dodds and Lawson ( 1938) with the highly oestrogenic compound 
separated by them from the products of the domethylation of anethole. 
Catalytic reduction of jjr-diethylstilboestrol gives the same substance in 
poor yield; the main product from diethylstilboestrol is a more fusible 
isomeridc. 


The BioLooicAn activity of tub synthetic sitbstances 

In the course of the work already described biological control was 
established by determining the amount of substance required to produce 
oestrus when injected subcutaneously into rats. The method employed was 
that of Allan, Dickens and Dodds (1930). 
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In earlier experiments it has been reix)rte(l that a number of substituted 
dibenzanthracenodiols possess all the known activity of the naturally 
occurring hormone. Thus Wolfe (1936) has shown that the di-w-propyl 
substituent is capable of preventing the castration changes in the anterior 
lobe of the pituitary of ovariectomized animals, whilst Hemmingsen and 
Krarup (1937) demonstrated that the same compound will restore the mating 
instinct to the ovariectomized rat. It is also capable of sensitizing the action 
of the uterus to progesterone. 

Very careful biological exfieriments were ])crformcd with the highly 
active substances obtained as a result of the present study. In the first 
instance an attempt to compare the activities of oesirone, oestradiol 
diothylstilboestrol and dihydroxydiphenylhexadiene was made. Groups of 
between forty -four and fifty-seven rats were employed in these experiments 
which are shown in Table IV. (Considerable difficulty arose in the evaluation 
of the results. For example, it is well known that the smear may show 
complete oestrus, or a smear with just a few nucleated cells, wliich is known 
as iff — . Again, with the presence of more nucleated cells this may be termed 
very advanced pro-oestrus. In the table, evaluation on these lines will be 
found. From a study of the results it would appear that diethylstilbocstrol 
is roughly 2^ times more potont than oestrone, but not so active as oestra- 
diol. The diene compound appears to possess an activity just a little less 
than diethylstilbocstrol. 


Taulk IV 


Siibstunco 

Doh» 

Oostrone 

0-6 


0 6 


0 7 


OS 

Oostradiol 

01 


0-2 

DiethylstilbooHtrol 

0-25 

0-30 


0’36 

Dibydroxydiphenylhexodiono 

0-3 

0*36 


0*4 


% I»ositivc 


No. 


— 

s 

of rats 

E 

A’- 

/>3 

67 

210 

8-8 

33-4 

57 

15-8 

7 0 

8*8 

66 

60-0 

8-9 

19-6 

67 

880 

70 

3 5 

56 

J7-8 

— 

39-3 

64 

94-6 

1*86 

1-85 

66 

35-6 

8*9 

25-7 

56 

52-8 

3*6 

25-5 

61 

980 


— 

50 

180 

12*0 

22-0 

49 

20-4 

— 

36-8 

50 

86-0 

8*0 

— 


Action by mouth. The activity of the diothylstilboestrol and the diene 
were examined by mouth. Doses varying from 0*1 to 6y were dissolved in 
3 c.c. sesame oil and administered in 6 doses of 0*6 c.c. morning and evening 
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for 3 days. Each dose was dropped into the animal’s mouth by means of a 
pipette. Negative results were obtained with doses of O-l and 0-6y in the 
case of diethylstilboestrol, whilst 1-Oy gave a 70% response and 6-Oy 
produces oestrus in 100% of the rats. 100% oestrus was produced with 
3y of the diene. 

It has been known for some considerable time that large doses of oestrone 
are required to confer on ovariectomized female rats the mating instinct. 
Experiments have shown that with quantities in excess of 200y injected 
subcutaneously, vaginal plugs will be seen in some of the treated animals. 
In the case of diethylstilboestrol injected subcutaneously, plugs were found 
with quantities from 50 to 400y. It was found impossible, however, to give 
any indication as to the quantitative relationship between the number of 
vaginal plugs and the amount of diethylstilboestrol administered, but this 
is also the case with the naturally occurring hormone. 

Tlie general biological action of diethylstilboestrol has been described 
(Dodds, Lawson and Noble 1938). It has been shown that the compound 
will produce full vaginal oestrus in ovariectomized rats, will sensitize the 
rabbit uterus to the a(!tion of progesterone and also confer the mating 
instinct on the ovariectomized animal. Tt is difficult to secure an accurate 
comparison as the quantity required relative to oestrone, owing to the 
differences in rates of absorption and excretion. The action of the compound 
on the anterior lobe of the pituitary appears to be similar in every respect 
to that of oestrone. Thus it has been shown (Noble 1938a) that both diethyl- 
stilboeatrol and the diene will inhibit the growth of immature animals wlien 
implanted under the skin. In this respect the diene appears to be more 
potent than the diethylstilboestrol, probably due to the fact that it is more 
slowly absorbed. A further observation of tlic action of diethylstilboestrol 
on the anterior lobe of the pituitary has been reported by Noble (19386). 
It was found that the testes, prostate and seminal vesicles in the male, and 
ovaries in the female, atrophied rapidly with prolonged injection and there 
was also a very marked increase in the weight of the adrenals and supra- 
renals of both sexes. Since an increase in ovarian weight will occur in such 
treated animals when injected with pregnancy urine extract, it is reasonable 
to suppose the original atrophy is due to the action of the anterior lobe of 
the pituitary. Studies of the water balance failed to demonstrate any 
alteration in the secretion of the diuretic principle of tlie anterior lobe. An 
interesting action has also been observed by Parkos, Dodds and Noble 
(1938). It has been known for some time that oestrone will inhibit the pro- 
gestational phase of the uterine oestrus cycle, and that it is possible to 
interfere with implantation of the fertilized ovum through this mechanism. 
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Since, however, neither oestrone nor oestradiol are particularly active by 
mouth, there appeared to be no possibility of a practical outcome of this 
observation. It was shown, however, that diethylstilboestrol when admin- 
istered by mouth to animals is capable of inhibiting the progestational 
phase, and by this means pregnancy may either be prevented through lack 
of nidation or alternatively may be terminated at a very early stage through 
absorption of the implanted ovum, Folley has shown (1938) that dicthyl- 
stilboestrol produces the same effect on the mammary glands and on the 
composition of milk as oestrone. 

The general toxicity of the substances has been investigated, and when 
administered in large doses, either subcutaneously or by mouth, they 
appear to be without poisonous properties relative to their biological 
activity. Thus twelve rats were given 10 mg, each for 20 days, in an experi- 
ment to investigate the metabolism of the substance. No toxic effects were 
observed. It urould appear that the above could bo used clinically, and at 
the present time trials are being undertaken. One paper has appeared 
((iuldberg 1938) describing the treatment of a patient suffering from severe 
menopausal symptoms as a result of bilateral ovariectomy. The symptoms 
were controlled in the first instance by subeutancous injection of diethyl- 
stilbocstrol dissolved in oil, and later the subject was maintained in good 
health by oral administration. It is obvious, however, that a very large 
series of clinical experiments must be performed before the general use of 
the substance can be recommended. 

Although diethylstilboestrol is a powerful oestrogenic agent it appears to 
be quickly eliminated and the duration of oestrus is relatively brief. In the 
case of the natural hormones it is known that action may be greatly pro- 
longed by the prei)aration and use of esters. Table V shows that analogous 
results may be obtained with esters of diethylstilboestrol, and, of the sub- 
stances so far examined, the dipropionate gives the best combination of 
activity and prolonged duration of oestrus. 


FrKPA RATION AND DESCRIPTION OF NEW SUBSTANCES 

i-Phenyl-Z-anisylhe^n-^^oL A solution of 4-methoxy-a-ethyldooxy- 
benzoin (Ney 1888) (17 g.) in dry ether (75 c.c.) was added slowly to a cooled 
Grignard solution from ethyl bromide (23 g.) and magnesium (5 g.) in ether 
(125 C.C.). After gently heating on the steam bath for an hour the reaction 
mixture was decomposed with ice and ammonium chloride, and the ethereal 
layer dried and evaporated. The residue was a colourless viscous liquid. 
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b.p. 14O-14370*3 mm. (16*1 g.) (Found: C, 80-4; H, 8*4. C|,H2402 requires 
C, 80-2; H, 8-5%). 

^-Methoxy-oL : fi-diethyUtilhene, Tlie above carbinol was dehydrated with 
phosphorus tribromide in chloroform solution. The product, isolated in the 
usual manner, was a colourless oil, b.p, 140-144°/0-25 mm. (Found: 
C, 85-0; H, 8-1. C19H22O requires C, 85*6; H, 8*3 %). 


TaBLK V. AcTIVITV of esters of DIETHyLSTlLROESTROL 




Average duration 


1 )oHe 

of ocstiiia 

Substance 

(ill y) 

(days) 

Di»tbylaiill)(K)strol 

1 

4 


5 

4 


10 

5 

Diothylstilbocstrol di -acetate 

10 

21 

ih-propiouatc 

10 

52 

butyrate 

10 

10 

di-Z/ie- butyrate 

10 

4 

di-n-valomt<i 

10 

2 

( li -[ )hony laeetate 

10 

4 


TiO 

30 

di-paliiiitat^ 

r»o 

2 


loo 

77* 

<li -benzoate 

10 

Nil 


100 

77* 

di-a-naphthonto 

100 

3 

di-/y-naphthoato 

100 

3 

di-methyl ether 

50 

2 


1000 

144t 

* All aniiiiiils m o*\struH when killed. 

6600 

180 


t Two animals in oorttnis when killed after 183 days. 

^-Hydroxy-a’.p-diethifUitilbene. A mixture of the methyl other (3-9 g.), 
potassium hydroxide (Hg.) and alcohol { 10 c,o.) was heated to 190° for 20 hr. 
The clear solution became ojialescent on dilation with water and the free 
hydroxystilbene could be extracted therefrom by ether. The ethereal 
solution was dried and evaporated and the residue distilled as a colourless 
oil, b.p. 13i')-I40°/0'15 mm. (Found: C, 85’6; H, 8-1. requires 

C, 85-7; H, 8-0 %). 

3 : 4-Dianisylhexan-3 : 4-diol. A solution of anisil (27 g.) in warm benzene 
(600 c.c.) was added dropwise to a Grignard solution prepared from mag- 
nesium (12*2 g.), ethyl bromide (64'6 g.) in dry ether (300 c.c.). The mixture 
was refluxed on the steam-bath for 2 hr. Ice and ammonium chloride were 
added and the benzene-ether layer washed and dried with sodium sulphate. 
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On removal of the solvents there remained a yellow viscous liquid which 
partly solidified on trituration with ether. A colourless solid was collected 
and carefully washed free from oil by means of a little ether. 

The solid thus obtained was separated into two constituents, one (A) 
insoluble and the other (li) soluble, in chloroform. If, as sometimes happened, 
some unchanged anisil was observed to be j)re8ent in the mixture (long 
greenish needles), the anisil and (B) were removed by solution in boiling 
alcohol, in which (A) is almost insoluble. In such a case (B) was separated 
from anisil by treatment with a small quantity of pyridine which dissolved 
the anisil. 

The white solid (A) was crystallized from ethyl acetate, being so obtained 
as shining colourless prisms, m.p. 193-194^ (2 g.). It proved to bo 3:4- 
dianuylhemn-'^'A-dioly insoluble in cold benzene or ethyl acetate (Found: 
C, 72-0; H, 7-9. requires C, 72-7; H, 7-9 %). 

The white solid (B) was recrystallized several times from alcohol and 
formed colourless ijrisms, m.p. 105-107° (8 g.). Analysis indicates that the 
substance is eihylanisylanisoyl carbinol\ it is soluble in most organic solvents 
(Found: C, 72-0; H, tt-7. Cij,H2o04 requires C, 72-0; If, 6*7 %). 

The oil remaining after removal of the crystalline solids was distilled 
in vacwK Some anisil sublimed, follow^ed by a light yellow, green ‘fluorescent, 
extremely viscous oil, b.p. 215-220°/0’25 mm. (11 g.), evidently 1:2- 
dianisyUmUinA ,2-diol (Pound: C, 72-0; H, 7-4. (5|f,H2204 requires C, 71*5; 
H, 7*3 %), It crystallised from alcohol as long prisms, m.p. 90-7°. 

Attempts to improve the total yields by replacing most of the ether by 
benzene (Ramart-Lucas and Legagneur 1929) or heating for 11-25 hr. 
(Roger 1925) failefi, only the quantity of dianisylbutandiol being increased 
in this way. 

The required pinacol was also prepared by heating p-me\hoxypTopio‘ 
phtnone (45 g.) with magnesium amalgam (100 g.) on the steam-bath for 
7 days. On acidification and extraction with benzene, an oil was obtained 
from which the x)inacol crystallized (8 g.); the remainder of the ketone was 
recovered unchanged (35 g.). On recrystallization from ethyl acetate, the 
pinacol formed colourless prisms of m.p. 192-195° alone or mixecl with the 
{)inacol prepared as above, but the fused material was not quite transj^arent. 
It may be that a trace of a yff-form is present in the product (cf. Ramart- 
Lucas and Legagneur 1929). 

OL-EthyJdeoxyanisoin. Deoxyanisoin (90 g.) and ethyl iodide (54-8 g.) were 
added to a hot solution of sodium (8-1 g.) in alcohol (160 c.c.). On shaking, 
a violent reaction set in, necessitating immediate cooling. It is essential 
that the reaction should proceed rapidly as otherwise the product con- 
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tained unchanged deoxyanisoin. The solution was refluxed on the steam- 
bath and in 6-10 min, it showed a neutral reaction. A further quantity of 
sodium (3 g.) in alcohol (60 c.c.) was added, followed by ethyl iodide (20*4 g,). 
Tlio whole was heated until neutral (ca. 5 hr.). The solution was poured into 
water and the alcohol removed by distillation under reduced pressure. The 
cooled solution was extracted with ether, the extracts washed with sodium 
thiosulphate solution and finally with water. After removal of the solvent, 
the product distilled as a pale yellow oil, b.p. 189-196*^/0-65 mm.; redistilled 
as a colourless oil, b.p. 192-l95°/0-65 mm. (yield, 90 g.) (Found: (^, 76-1; 
H, 6-9. C18H20O3 requires C, 76-1; H, 7-0%). 

3:4-fJiani8ylhexan~^-ol. A solution of ethyldeoxyanisoin (38*6 g.) was 
added drop wise to a Orignard solution prepared from ethyl bromide 
(44-3 g.) and magnesium (9-9 g.) in dry ether (500 c.c.). When the addition 
was complete, the mixture was heated for 2 hr. on the steam-bath, cooled, 
and decomposed with ice and dilute sulphuric acid. The ethereal layer was 
separated, the aqueous layer extracted with further quantities of other, and 
the combined ethereal extract washed twice with water and dried with 
sodium sulphate. The ether was removed and the product, which solidified, 
crystallized from alcohol in jfiates, m.p. 115-1 17". It could be distilled as a 
colourless oil, b.p. 194-l96"/0-8 mm. (38 g.) (Found: C, 7fi*5; H, 8*4, 
O30H26O3 requires 70-4; TI, 8*3 %). 

Its p'niirobe7izoate was obtained by heating it (2-94 g.) with p-nitro- 
benzoyl chloride (3*8 g.) and pyridine (10 c.c.) for 4 hr. on the steam-bath. 
The mixture was poured into dilute hydrochloric acid, extracted with other, 
and the ethereal solution washed with aqueous sodium carbonate. The oil 
remaining after removal of the solvent was extracted with light |)etroleum 
from which shining golden needles separated. The derivative crystallized 
from alcohol as colourless plates, m.p. 120^-122". 

4 : 4*-Dimetlioxy-a : fi-diethylatilbene. Solutions of the above carbinol 
(36 g.) in chloroform (76 c.c.) and of phosphorus tribromide (31 g.) in chloro- 
form (60 C.C.), were cooled below 0", mixed, kept overnight at room tem- 
perature, then cooled to 0” and poured slowly into ice-cold alcohol (160 c.c.). 
The alcoholic solution was diluted with water and the chloroform layer 
separated. The aqueous layer was extracted several titues with chloroform 
and the combined extracts washed with water and dried over calcium 
chloride. The chloroform was removed and, on cooling, part of the product 
crystallized; this was collected and washed with light petroleum (12 g.). 
The mother liquor was heated to about 120" under reduced pressure in 
order to remove by-products and the residual oil distilled, b.p. 163-16(1®/ 
0*6 mm. (23 g.). On cooUng, it solidified partly to give a further 16 g. of 
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solid. The colourless oil remaining continued to solidify on keeping, giving 
more of the same product. 

All the solid thus obtained was recrystallized from light petroleum 
(b.p. 60-80®) and obtained as shining, colourless plates, m.p. 123-124® 
(total yield, 28-30 g.) (B'ound: C, 80-8; H, 8 - 1 . C 20 H 24 O 2 requires C, 81-0; 
H, H -1 0 / 0 ). 

The same substance was obtained when the above carbinol (25 g.) was 
heated with potassium hydrogen suly)hate (10 g.) for 10 min. at 195 -200®. 
The water formed was removed by distillation under diminished pressure 
and the product distilled, b.p. 150-156®/0*2 mrn. (22 g.). On cooling, some 
solid stilbene was obtained (8 g.), the remainder being liquid (13*6 g.). 

A boiling mixture of acetyl chloride and acetic anhydride was also em- 
ployed to dehydrate the carbinol. 

The liquid dimethoxydiethylstilbene is doubtless an f^ostilbene (c 2 ^-form). 
It was completely freed from the solid by trituration with light petroleum 
at - 10 ®, filtration from the solid that separated, evaporation of the solution 
and several repetitions of the prociess until no more solid could be obtained. 
The oil was washed in ethereal solution with aqueous sodium carbonate and 
water, the solution dried and distilled, b.p. 175-1 78®/0'74 mm., 1*5699. 
The oil was stable in the dark but when exposed to sunlight it was gradually 
transformed into the solid modification already described. 

4 :4*'Dihgdroxy-a :/3~diethylsHlbene (III). Attempts were also made to 
bring about demethylation of the dimethoxydiethylstilbene by means of 
aluminium chloride and aluminium bromide. Light petroleum (20 c.o. of 
b.p. 60-80®) was used as solvent for the stilbene (3 g.), which was heated 
with aluminium chloride (6 g.) for 6 hr. at 60®. The light j^etroleum was 
decanted and the residue decomposed with ico, acidified with hydrochloric 
acid, and extracted with ether. The ethereal extract was shaken with 
sodium hydroxide solution and this was acidified and extracted with ether. 
A liquid was finally obtained from which phenol and other phenolic products 
were obtained, together with a very small amount of a brown oil of b.p. 
146-153°/0*8 mm. The use of aluminium bromide was no more successful. 

The above crystalline dimethyl ether (20 g.) was heated with potassium 
hydroxide (50g.) and alcohol (200 c.c.) in a constantly rotating autoclave for 
24 hr. at 200 - 210 ® (the maximum pressure was about 16 atm.). The contents 
of the autoclave were diluted with water and the alcohol evaporated. After 
cooling, the solution was extracted with ether, filtered, heated to remove 
ether, cooled, and acidified with dilute hydrochloric acid. The colourless 
crystalline solid was filtered and recrystallized from benzene-light petroleum 
(yield, 16 g.); no unchanged material was recovered. The subotance crystal- 
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lized well from 50 % alcohol, benzene, benzene-light petroleum, or ethylene 
chloride. It usually had m.p. 167-168° but a specimen recovered from the 
pure dipropionate had m.p. 171° (Found; C, 80-8; H,7*7; MeO,0*0, CigUjioOft 
requires C, 80*6; H, 7-7 %). 

The diacetate was prepared by boiling the dihydroxydiethylstilbene 
(0-76 g.) with acetic anhydride (1*5 c.c.) and pyridine (3 c.c.) for 5 min., 
pouring into water, and crystallizing the solid which separated from alcohol. 
It formed thick needle-like prisms, m.j). 123 124° ( 0*6 g.) (Found: C, 75*0; 
H, 6 * 8 . C 22 H 24 O 4 requires 0, 75 0 ; H, 6 * 8 %). 

The dipropionate f obtained by the action of an excess of propionic anhy- 
dride and a few drops of pyridine on diethylstilboostrol at 100 °, crystallized 
from methyl alcoliol in colourless plates, m.p. 104° (Found: C, 75*7; 
H, 7*4. C 24 H 2 HO 4 requires C, 75*8; H, 7*4%). 

The di-n^bntyrate, prepared in a similar manner, crystallized from methyl 
alcohol in flat needles, m.p. 88 ° (Found: C, 76*3; H, 7*0. C' 2 oH 3204 requires 
i\ 76-5; H, 7 * 8 %). 

The di’imhuiyrate formed colourless, elongated plates, m.p. 86- 87° 
(Found; C, 76-5; H. 7-8 %). 

The di-n^valerale, also obtained by the use of the acid anhydride and 
jjyridine, crystallized from light petroleum {1).|). 40-60°) in flat needles, 
m.p. 80° (Found: C, 77*0; H, 8-3. ( 28 H 3 g 04 requires 0, 77*1 ; H, 8-2 %). 

The di-palmitafe, Dicthylstilhoestrol ( I *0 g.) in pyridine (6 c.c.) was shaken 
with palmityl chloride (3*0 g.) and allowed to stand overnight at room tem- 
perature. Tlio mixture w^as ilien shaken with ether and dilute hydrochloric 
acid. The ethereal solution was washed with sodium hydroxide solution and 
water, dried and evaporated. The ester was crystallized from boiling 
alcohol, in which it is only sparingly soluble; colourless plates, m.p. 77-78° 
(Found: C, 70*0; H, 10*7. C 5 (,HgQ 04 requires C, 80*6; H, 10 * 8 %). 

The dibcnzmle crystallized from ethyl acetate or ethyl acetate-alcohol 
(1 : 1 ) in needles, m.p. 210 - 21 1 ° (Found: C, 80*4; H, 5*8. C 32 H 28 O 4 requires 
C, 80*7; H, 5*9 %). 

The di’OL-ruiplithoale, prepared by action of a-naphthoyl chloride in 
pyridine solution, crystallized from ethyl acetate in prisms, m.p. 206-207° 
(Found; C, 83*0; K, 5*8, C 4 oHg 204 requires (', 83*3; H, 5*6%). 

The di-fi-naphthoate crystallized from ethyl acetate in prismatic needles, 
m.p, 252-253° (Found: C, 83* I ; H, 5*6 %). 

The di-phenylacetate, prepared by the action of phenylacetyl chloride on 
a solution of dicthylstilhoestrol in dry pyridine at 0 °, crystallized from 
alcohol in colourless needles, m.p. 100 ° (Found: C, 80-7; H, 6 * 4 , C 34 H 32 O 4 
requires C, 81*0; H, 6-3 %). 
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rlr'Dieihylsiilboestrol. The liquid modification of the dimethyl ether 
(20 g.) was heated in a rotating autoclave with potassium hydroxide (50 g.) 
and alcohol (200 c.c.) for 24 hr. The product worked up as before gave 
diethylstilboestrol, m.p. 167-168° (7*5 g.) after five crystallizations from 
benzene. The mother liquors were diluted with light petroleum and the 
solid so precipitated was crystallized thrice from ethylene chloride and 
thrice from benzene; colourless prismatic needles, m.p. 140-142° and m.p. 
130-147° when mixed with diethylstilboestrol (Found: C, 80*7; H, 7*7; 
MeO, 0 * 0 . CigHgoOg requires C, 80*6; H, 7*7 %), 

The di-limzoaie, crystallized from ethyl acetate, had m.p. 193-197° and 
the di-acetate, crystallized from alcohol had m.p. 116-117° (Found: 
C, 75*2; H, 6*9. C 22 H 24 O 4 requires C, 75*0; II, 6*8 %). 

•i'A'-Dihydroxy-OL:/i-diethyldiphenylethane* (A) A solution of the di- 
methoxydiethylstilbenc (4 g.) in glacial acetic acid (10 c.c.) and hydriodic 
acid (40 c.c., d. 1*94) was heated at 135-140° for I hr. The mixture was 
poured into water, clarified with sulphur dioxide, and extracted with ether. 
On distillation, a viscous oil resulted, having b.p. 189-190°/0*8 mm.; it 
hardened on cooling (Found: 0, 70*9; tl, 8*4. C\gH 2202 requires C, 80*0; 
H, 8*2 %). This material is undoubtedly a mixture. 

(H) A 2 )rodyct of unknown constitution was obtained when the pinacol 
from p-methoxypro])ioy)henone was boiled with concentrated hydriodic 
acid in the presence of red phosphorus. The substance crystallized from 
light petroleum (b.p. 60-80°) as colourless, prismatic needles, m.p. 64*5-65° 
(Found: C, 74*9; H, 8*3. CjgHjjaOjj, HgO requires C, 75-0; II, 8*4%). This 
material was oestrogenic in doses on 0*01 g. 

(C) A solution of y^-diethylstilboestrol (3 g.) in alcohol (25 c.c.) was 
shaken with a platinum oxide catalyst ( 0 * 1 g. ) in presence of hydrogen at the 
room temi)crature for 36 hr. Absorption of hydrogen was rapid at first but 
soon slowed down considerably. When about 1300 c.c, had been taken up, 
the reduction ceased (required for 7 double bonds, 1900 c.c.). On removal 

[Footnote added in proof. In the interval between submission of this cornfimiiica- 
tioii and comMjtion of tlie proofs the facts in connoction with the reduction of 
diethylstilboestrol have been further cluewlatetl. Using pulliidized charcoal as th*' 
catalyst the solo produet is found to bo dihydroxydiphcnyllu'xano, m.p. 128'^. 
Psoudodiethylstilboestrol gives the isoineride, m.p. J 85", along with some diethyl- 
stilboGstrol (isomeric change) and hcnco also a .small jiroportion of tls^ ibomeride, 
m.p. 128". The dimethyl ethei's of both diethylstilboestrol and pseudodiethylstill) 
ocstrol give one and the same product in excellent yiehl. This is the diinethoxy- 
diphenylhoxano, m.p. 146-146”, which on dimethylation by means of hot hytlriodic 
acid or hydrobromic acid affords the dihydroxydiphenylhexano, m.p, 185'^, in good 
yield, Methylation of the dihydroxydiphonylhexane, m.p. 128”, gives the dimethyl 
other, m.p. 66-67” (Found: C, 80-4; H, 8-6 requires C, 80-6; H, 8-7%).] 
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of the alcohol and distillation of the residual oil there resulted: {a) a colour- 
less viscous oil, b.p. 170-175713 mm. (1*8 g.); (6) an oil which solidified on 
cooling, b.p, 210-230®/13 mm.; (c) a residual solid which crystallized from 
benzene and proved to bo unchanged diethylstilboostrol. 

(a) The oil was redistilled, b.p. 184^-187721 mm. It was saturated, and 
was insoluble in alkaline solutions (Found: C, 81-6; H, 11-0 %). 

(5) The solid was recrystallized from benzene and had ni.p. 178-180®. 
Recrystallizod twice more, it had m.p. 1 K 1-182°, It was saturated (Found: 
C, 80*1; H, 8-2. C18H22O2 requires C, 80-0; H, 8-2 %). 

(D) Diethylstilboestrol (2 g.) was hydrogenated in acetone solution in 
the presence of a palladiiun catalyst. Rather less than the calculated volume 
of hydrogen was absorbed in 60 hr. Repeated crystallization from benzene 
gave 0-3 g., mp. 184°. From the mother liquor, after several crystallizations 
from light petroleum or benzene-light petroleum, a small amount of a 
substance melting at 128° was obtained (Found: C, 80-0; H, 8-2. C18H22O2 
reejuires C, 80*0; H, 8*2 %). 

In a subsequent similar experiment the product consisted almost entirely 
of the lower melting isoineride, the oestrogenic activity of which was much 
less than that of the higher melting form. It produced full response in all 
rats in doses of IOO7; doses of lOy shovred little activity. 

(F) 4:4'-Dihydroxy-y:5-diphcnylhexadiene (0*5 g.) was hydrogenated 
in acetone solution in the presence of a palladium catalyst. The required 
volume of hydrogen was taken up in 45 min. The product crystallized 
from benzene in colourless needles, m.p. 185®, and the yield was almost 
quantitative. This specimen was identical with the active product of 
domethylation of anethole which was analysed in the course of the in- 
vestigation of Campbell, Dodds and Lawson (1938), u fuller account of 
which will be published later. 

4:'A'-Dihydroxy-a-ethyldeoxybmzoin, Hydiiodic acid (100 c.c. of d. 1*7) 
was added to a solution of othyldeoxyanisoin (20 g.) in glacial acetic acid 
(20 c.c.). The mixture was gradually heated to 135-1 40®, maintained at that 
temperature for 1 5 min., and then poured into water. The liquid was clarified 
with suli>hur dioxide and extracted with ether. On removal of the ether, a 
pale yellow, slightly opalescent oil remained (17 g.); on distillation it had 
b.p. 210-21 5®/0*6 mm. and set to a glass on cooling (15 g.) (Found: C, 74*0; 
H, 6*3. requires C, 75 0; H, 6*2 %). 

The acetate was prepared as described above for diethylstilboestrol; the 
derivative crystallized from alcohol in needles, m.p. 91-92®. 

Dibenzoate of 4 ; i'-dihydroxy'a-eihyldeoxybenzoin. The dihydroxy com- 
pound (15 g.) was dissolved in sodium hydroxide solution (100 c.c. of 20 %) 
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and benzoyl chloride (18 g.) gradually added with cooling and vigorouB 
shaking. On keeping, a solid separated which was collected, dried, and 
recrystallized from ethyl acetate or ethyl acetate-alcohol. It formed small 
noodles of m.p. 138-140® (19-6 g.) (Found: C, 77*5; H, 5-2. 
requires C, 77-6; H, 6*2 %). 

Conversion to dielhijlstilboeMrol, A Grignard solution was prepared from 
ethyl bromide (21-1 g., 5 mol.) and magnesium (4-7 g., 5 mol.) in dry ether 
(300 C.C.). The above dibenzoate (18 g.) was added slowly, with vigorous 
stirring. When the addition was complete, the mixture was heated for 2 hr. 
on the steam-bath, cooled, and decomposed with ice and dilute sulphuric 
acid. The ethereal layer yielded an oil which was heated to a temperature of 
160® at approximately 0-3 mm. ])ressure, when a colourless liquid distilled. 
The residual brown glass was dissolved in benzene (50 c.c.) and on cooling, 
colourless prisms separated, which were recrystallized from benzene (yield, 
4 g. of m.p. 168°). From the mother liquors a further 4 g. of less pure product 
was obtained. The product was in every way identical with tluit obtained 
by the method described above. The dibenzoates of the two jjroducts were 
also identical. 

Dibenzyl Hher of 4 : -T -dihydroxyethyldeoxybenzoin. The method of Allan 
and Robinson ( 1926 ) was employed. A solution of the keto-phenol (2 g.) in 
alcohol (50 c.c.) was heated with benzyl chloride (2*25 g.) and potassium 
hydroxide ( 1*1 g.) for 1 hr. Dilution with water caused the separation of an 
oil whi(;h solidified on standing. It crystallized from light petroleum in 
leaflets, m.p. 78-80" ( 1-6 g.) (Found: (', 82-5; H, 6-3. CajjHjaOa requires 
C, 82-0; H, 0*4%). 

*^‘.^-Di~(p-benzyloxyphenyiyhexan-*^-ol. The benzyl ether (1-5 g.) was 
gradually added to a warm Grignard solution prepared from magnesium 
(0-4 g.) and ethyl bromide ( 1 *9 g.) in dry ether (50 c.c,). A vigorous reaction, 
accompanied by the momentary production of a red colour, resulted. After 
heating on the steam-bath for 2 hr., the mixture was decomposed with ice 
and dilute sulphuric acid. A white crystalline solid that separated was 
collected and combined with more of the solid obtained from the ethereal 
layer. By extraction and crystallization from boiling methyl alcohol, 
colourless prisms were obtained, m.p. 142 144" ( 1-2 g.) (Found: C, 82*3; 
H, 7*3. C 32 H 34 O 3 requires C, 82-4; H, 7*3 %). A small portion of the product 
was found to be insoluble in boiling methyl alcoliol; it was crystallized from 
chloroform and obtained as small prisms, m.p. 212 -214® (Found: (', 82-1 ; 
H, 7*3. C 32 H 34 O 3 requires C, 82-4; H, 7-3 %). The substance is evidently a 
stereoisomeride of the more fusible compound first described. 

Conversion to the diacetate of diethylstilboestroL The rarbinol was treated 


Vol. exxvil. B. 


II 



156 fij. C, Dodds, L. Golberg, W. Lawson and Sir R. Robinson 

with phosphorus tribromide in chloroform in the manner described above. 
A yellow oil resulted which on distillation yielded benzyl bromide and a 
glassy residue. This was soluble in alkali, but could not be induced to 
crystallize. On acetylation with acetic anhydride and pyridine it gave an 
oil which was taken up in ether, and washed with aqueous sodium carbonate. 
On I’emoval of the ether, the substance sf)lidified on trituration with alcohol. 
It crystallized from alcohol in prisms of m.p. 123 -124°; the m.p. showed no 
dcpi'ession on admi.xture of tlio product with an authentic specimen of the 
diacetato of dicthylstilbocstrol. 

1 :2‘Dianisylbutan~2-oL Dcoxyanisoin (7*7 g.) was added slowly to a 
(irignard solution from magnesium (2-2 g.) and ethyl bromide (U-Hg.) in dry 
ether (150 c.ts ). The mixturo was heated for 2 hr. on the steam-bath, cooled, 
and decomposed with ice and dilute sulphuric acid. On working up the 
product, a liquid of h.p. I7« -I8170*d mm. resulted. It solidified on cooling 
and was recrystallizcd from light petroleum, m.p. 01-62° (Found: C, 75-5; 
H, 7-S. recpiires 75-5; H, 7-7 %). (Yield, 7*8 g.) 

4:4*-Dimethojry’0L-fthylMillmu\ The oarbinol (14*3 g.) was dehydrated 
with phosphorus tribromidc in the manner described above. The colourless 
oil of b.p. 105-10(r7<^75 mm. that resulted solidified almost <*onipletely 
and crystallized from light petroleum and from alcohol in shining j)rism8, 
m.p. 85° (Found: C, 80*5; H, 7*5. requires C, 80*6; H, 7*5%). 

(Yield, ll‘5g.) 

The oarbinol (10 g.) was also dehydrated with potassium hydrogen sul- 
phate, the yield of the stilbene derivative being U-1 g, A mixture of acetyl 
chloride and acetic anhydride coviUl also be employed for the same purpose. 

4:4'-Dihydrojry~0C’ethylstilbene. The dimothoxyetliylstilbeno (lO g.) was 
demethylated with ]H)tassium hydroxide and alcohol as described above. 
Distillation of the isolated product gave a pale yellow glassy oil, b.p. 208- 
211°/0-3 mm. (7*5 g.). This solidified and crystallize<l from benzene-light 
petroleum in small plates, m.f). 128-129° (Found: C, 80-5, H, 6-8. CigH|802 
requires U, 80-0; H, 6-7 %). 

The dihenzoak, short needles from alcohol or light petroleum, had 
in.j). 100-102° (Found: (’, 80-3; H, 5*5. C3„H2404 requires (), 80*4; H, 
5-4%). 

OL-Meihyldeoxyammin. Deoxyanisoin (51-2 g.) and methyl iodide (28*4 g.) 
were added to a solution of sodium (4-6 g.) in alcohol (100 c.c.), and the 
mixturo cooled in ice. The reaction became neutral almost immediately and 
a further quantity of sodium (4-6 g.) in alcohol (75 c.c.) and of methyl 
iodide (28*4 g.) w^ere added, heating on the steam-bath for 20 min. being 
sufficient to complete the reaction. Water was added and the product 
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isolated in the usual manner. The oil obtained had b.p. 17fi-177°/0*l mm. 
(51*5 g.) ; it crystallized from light petroleum as prisms, m.p. 53-57“ (Found: 
C, 75*5; H, 6*5. C^HjgOa requires C, 75-5; U, 6*7 %). 

2:2~Dianisylbutan’2'oL A solution of a-methyldeoxyanisoin (27 g.) in 
ether (150 c.c.) was added to a solution of magnesium (7*3 g.) and methyl 
iodide (42-6 g.) in ether (200 c.e.). After heating for 2 hr. on the steam-bath, 
the [product was isolated in the usual manner. It crystallized from light 
petroleum or alcohol , m.p. 87-89° (28 g.) (Found: C, 75*5; H, 7*8. C 18 H 22 O 3 
requires (', 75*5; H, 7*7 %). 

4::’i*‘Dimtthoxy-a\p-di7npihyl8iilbenp, The carbinol (27*5 g.) was dehy- 
drated to the stilbene wiili phosphorus tribromide (26 g.). The product 
crystallized from alcohol in prisms, m.p. 127-129° (23 g.) (Found: C, 80*3; 
H, 7*4. requires C, 80*0; H, 7*4 %). 

4 : 4* -Dihydroxy -oi : p-dimpthylsiilhpne (dimethyUHlbopslrol). The above 
stilbene (3 g.) was demethylaiod in a sealed tube at 200-210° with potassium 
hydroxide (7*5 g.) in alcohol (20 c.c.). The product crystallized from benzene- 
light petroleum or ethylene chloride in prisms, m.p. 194-196° (Found: 

80 0 ; II, 6 - 8 . requires C, 80*0; H, 6*7%). The mother liquor of 

the crystallization on dilution with light petroleum gave the moaoniPthyl 
ether of dimethy 1st il boost rol; wide plates, m.p. 1 15-1 16° (Found: C, 80*1; 
11 , 7*0. ('i 7 lfi 80 jj requires 80*3; H, 7*0%). The methoxyl content was 
somewhat higher than the theoretical. 

4:\’k'-Dimethoxy-ot-7ncthyl-P-pthylMilhpnp. Methyldeoxyanisoin (20 g.) in 
ether (100 c.c.) was added to a solution of magnesium (5*4 g.) and cthy^l 
iodide (34*6 g.) in ether (150 c.c.) and the mixture heated for 2 hr. The y)ro- 
duct was a colourless oil, b.p. l59-l6l°/0* 14 mm. (Found: C, 80*8; H, 7 * 8 . 
CigHaaOa requires C, 80*9; H, 7-8 %). (Yield, 19 g.) 

MethylPthyhiilboestroL The above dimethoxymethylcthylstilbeno (8 g.) 
was demethylated in a rotating autoclave at 200 - 210 ° with potassium 
hydroxide ( 2 l) g.) and alcohol ( 150 c.c.). The product was a brown oil which 
gave a sparingly soluble sodium salt. From this, on acidifi<*ation of a dilute 
aqueous solution, a colourless solid was obtained. Three crystallizations 
from benzene gave colourless clusters of needles, m.p. 179-180°, turning a 
light red in sunlight (Found: C, 80*1; H, 7*3. requires C, 80*3; 

%)• The alkaline solution from which the sodium salt had been 
separated was shaken witli benzoyl cldoritle. The brown oil which separated 
solidified on trituration with alcohol and was crystallized from ethyl acetate. 
It formed prisms, m.p. 217-219° (Found; C, 80*4; H, 5*7. C 3 iH 2 e 04 requires 
C, 80*5; H, 5*6%). 

OL-Tt-Propyldeoxyanisoin, Deoxyanisoin (51 g.) did not react very rapidly 


ii-a 
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with 7 i-propyl iodide (34 g.) and sodium (4*6 g.) in alcohol (100 c.c.). The 
solution became neutral in reaction after | hr., when sodium (2'3 g.) in 
alcohol (50 c.c.) and w-propyl iodide (17 g.) were added and the heating 
continued for a further period of 3 hr. On working up, unchanged deoxy- 
anisoin was recovered (12-5 g.) and a colourless oil obtained, having b.p. 
195-19670-14 mm. (35 g.) (Found: (', 76-7; H, 7*5%. requires 

C, 76-6; H, 7-4%). 

^ \ ii-Dianisylhpptan-^-oL w-Propyldeoxyanisoin (8 g.) in ether (75 c.c.) 
was added to a Grignard solution from magnesium (2 g.) and ethyl bromide 
( 8*8 g.). The product, isolated in the usual way, was a greenish yellow jelly 
of b.p. 17G-'177”/0-3mm. (Found: C, 77*0; K, 8-3. requires C, 70*8; 

H, 8*5%). (Yield, 8*8 g.) 

4 : ‘i*-Dimethoxy-iX~ethyl-/i~n"propfjlstilhpne resulted on dehydration of the 
earbinol (8 g.) with phos])horus tribromide. It was also obtained directly 
by the action of w-propyl magnesium bromide in excess on ethyldeoxyani- 
soin. It had b.p. 192-19570*4 mm. (Found: G, 81*1; H, 8*3. (' 2 iR 26^^2 
requires C, 81*2; IT, 8*4 %). 

Ethyl n-propylstiJhopstroL On demethylatiun of the above stilbene deriva- 
tive (11 g.) in a rotating autoclave under the usual conditions, a ])ale 
yellow oil, b.p. 198-200^/0*14 mm. resulted (Found: C, 80*7; H, 7 * 8 . 
CjgHggOg requires C, 80*8; H, 7*8%). (Yield, 8*5 g.) 

The dibenzoate crystallized from al(;ohol, or benzene-light j^etroleum in 
prismatic needles, ni.p. 208 211®. 

4 : 4* -Dimeihoxy-OL : li'<li-n>-pmpyUtilbene. n-Propyldeoxyanisoin (20 g.) on 
treatment with w-propyl magnesium bromide gave a mixture of earbinol 
and stilbene (18 g.). After treatment with phosphorus tribromide the b.p. 
was 178-181®/0*8 mm, (Found: 81*1; FI, 8*3. O 22 H 2 HOJ 5 requires 0, 81*5; 
Hj %)• ^5ome 4 . 4'-dimetho\ysti]bene, m.j). 214®, was also obtained. 

Di-n-propylsiilhoeMroL Tljc dimethyl ether (8 g.) was dcrnethylated in 
the usual way, giving 5 g. of a pale yellow' oil, b.j». l98-20l®/0*09 mm. 
(Found: C, 81*2; H, 8 * 2 . (y 2 oH 2402 requires C, 81*0; H, 8*1 %). 

a-\m-PropyUfoxyanisoin. Deoxyanisoin (38*4 g.), /aopropyl iodide 
(25*5 g.) and sodium (3*45 g.) in alcohol (75 c.e.) were heated for 12 hr. After 
addition of the same (]uantity of sodium in alcohol and isopropyl iodide as 
before, the heating was continued for 12 hr. The product, which contained 
unchanged deoxyanisoin (10 g.), was otherwise a pale yellow oil, b.p. 210 - 
214®/0*8 mm. (24 g.) (Found: C, 70*5; H, 7*5. C 19 H 22 O 3 requires C, 76*6; 
H. 7*4%). 

2\li-Dimeihyl-"^ :4 dianisyl-h€;xan~*^‘oL wo-Propyldeoxyanisoin (29*8 g.) 
on treatment with isopropyl magnesium bromide gave a yellow jelly-like 
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oil, b.p. 206-207“/0-27 mm. (23-6 g.) (Found: C, 77-1; H, 8-9. CjaHaoOa 
requires, C, 77*2; H, 8’8%). 

4:4'-Dimedioxy-a:p-di-iBO-propylstiU>ene. The carbinol (23’5 g.) was 
dehydrated with potassium hydrogen sulphate, giving a pale yellow oil, 
b.p. 181-182°/0-26 min. (20 g.). From the oil there crystallized a small 
quantity of 4 : 4'-dimethoxystilbene, m.ft. 214°; it was filtered and re- 
distilled (Found: (1, 81'3; H, 8-5. CajHjgOj requires C, 81'5; H, 8’6 %). 

Di-iao-propylatilboealrcl. Deraethylation of the above stilbcno derivative 
(15 g.) gave a yellow oil of b.j). 202-204'’/0-25 mm. (6 g.) (Found: C, 80-8; 
H, 8-0. C20HJ4OJ requires C, 81'0; H, 8-1 %). 

The dibenzoate crystallized from ethyl acetate in shining rectangular 
prisms, m.p. 165° (Found: C, 80*9; H, 6'3. (l34H32()4 requires C, 81-0; 
H, 6'3%). 

a-n-Butyldeoxyaniaoin. Deoxyanisoin (35 g.) was «-butylated during 
24 hr. in the usual manner (recovered deoxyanisoin, 8*5 g.). The product was 
a yjale yellow liquid of b.p. 205-206°/0*6 mm. (26-2 g.) (Found: C, 76-6; 
H, 7-5. C20H24OJ requires C, 76*9; II, 7*7 %). 

4 : 4'-])imethoxy-a : /i-di-n-bulylsHlhene. w-liutyldeoxyanisoin (15-6 g.) on 
treatment with n-butyl magnesium bromide gave a colourless oil, b.p. 
20tf-208°/0'6 mm. Some 4 : 4'-dimethoxyfltilbene crystallized and was 
collected. The oil was redistilled, b.p. 186-188° /O’ltt mm. (Found: C, 8b6; 
H, 9'0. ('2411,302 requires C, 81’8; H, 9*2 %). 

Di-n-h'iitylslilbovstrol. Deinethylation of the above stilbene derivative 
gave an oil, b.p. l91-196°/()-2 mm. (Found: C, 8l"2; H, 8-8. C22H2 b 02 
requires 0, 81'5; H, 8*0%). 

The dibenzoate crystallizes from ethyl acetate in hexagonal plates, m.p. 
192-193° (Found: C, 80’8; H, 6*8. C3gTl3j04 requires C, 81*2; H, 6'8 %). 

4-A'-Dimethoxy-a-ethyl-(i-aUys(Ubene, Magnesium (7-3 g.), ethylde- 
oxyanisoin (28*4 g.) and ether (150 c.c.) were heated and stirred, reaction 
being initiated with a little methyl iodide. A solution of allyl bromide 
(60*5 g.) in ether (200 c.c.) was added dropwise over a period of 2 hr. and the 
mixture heated for 3 hr. A yellow oil, obtained 011 working up the product, 
had b.p. 107-I98°/0*8 mm. (30*5 g.) (Found: C, 81*6; H, 7*8. C21H24O2 
requires C, 81*7; H, 7*8 %). 

Ethylpropenylslilboestrol. The above stilbene derivative was dcmothylated 
with alcoholic potassium hydroxide in a rotating autoclave. The product 
was a pale yellow oil, b.p. 208-21 1°/0* 17 mm. (Yield from 12 g., 6*7 g.) 
(Found:C, 81*2; H, 6*9. Cj,H2o02require8C, 81*4; II, 7*1 %). Wobavemodo 
the probable assumption that the double bond of the allyl group migrates 
into the conjugated position under the influence of hot alcoholic potassium 
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hydroxide. The same view has been adopted in other cases. An analogy is 
the conversion of safrole (methylenedioxyallylbenzene) into t^osafrole 
(inethylenedioxyiaopropenylbenzene) under the influence of alkaline 
catalysts. 

The dibenzoate crystallized from alcohol in needles, m.p. 111-113° 
(Found: C, 80*9; H, 5-8, 033112^04 requires C, 8M; H, 5-8 %). 

a-Allyldeoxyanisoin. Deoxyanisoin (.5 1 -2 g.) was added toahot solution of 
sodium (4-fi g.) in alcohol (80 c.c,). Allyl bromide (48*4 g.) was added slowly, 
with cooling to control the ensuing very vigorous reaction. After heating 
for 2 hr., the alcohol was evaporated under reduced [)ressure and water and 
ether added. Deoxyanisoin separated and was collected. The product, 
isolated from the ethereal layer in the usual manner, was distilled. Tri- 
turation of the distillate with ether caused the separation of more deoxy- 
anisoin; this was removed by filtration and the product distilled again as a 
pale yellow oil, b.p. 19(>-198‘70*13 mm. (27*3 g.). In order to obtain a pure 
product for analysis, the proces.s of piirification described above was 
repeated twice more (Found: C, 76*8; H, fi*8. C19H20O3 requires 0, 77*0; 
H, 6*7). (18-.5 g. of deoxyanisoin was recovered.) 

\ r}-Dianisyloctadiene-r}‘ol. Allyldooxyanisoin (29*6 g.) and magne- 
sium (7*3 g.) in gently boiling dry ether (180 c.c.) were stirred and reaction 
initiated with iodine atul a little methyl iodide. Allyl bromide (60*5 g.) was 
added droj)wise over a period of I hr., heating being continued for a further 
period of 2 hr. After decomposition with ice and ammonium (ildoride, the 
product was isolated as an extremely viscous, i)ale yellow oil (23*4 g.), 
b.p. 198 20370*23 mm. (Found: C, 78*2; H, 7*6. requires C, 78*2; 

H, 7*7 %). 

4 : 4*‘Dimetfioxi/-a : fl-diallylstilbene. The iilx^vc carbinol (20 g.) and potas- 
sium hydrogen sulphate (10 g.) were hotited together and the product dis- 
tilled; it was found to bo not entirely homogeneous. It was again heated 
with a further small quantity of potassium bisulphate and on distillation a 
pale yellow viscous oil resulted, b.p. 186-l88''/0*09 mm. (15*3 g.) (Found: 
C, 82*3; H. 7*3. C22H24()2 requires C, 82-5; H, 7*5 %). 

4:4'-Dihydroxy-a: fl-dipropenylMilbene. Demethylation of the above 
stilbene (14 g.) with alcoholic potassium hydroxide yielded a glass having 
b.p. 220-22670*4 mm. (7 g.) (Found: 0, 81*8; H, 7*0. requires 

C, 82*2; H, 6*8%). 

Its dibenzoaie formed long slender needles from alcohol-ethyl acetate; it 
had m.p. 164° (Found: C, 81*4; H, 5*4. C34H2g04 requires C, 81*6; H, 6*6%). 

2 : l‘DimethylA : 5-diani8yl'0ciane-2 : 1-diol-a. Methyl dianisyladipate-a 
(7*7 g.; Ramage and Robinson 1933) was added in small quantities to a 
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Grignard solution of methyl iodide (2K-4 g.) and magnesium (4-9 g.) in ether 
(100 C.C.). After heating for 2 hr. on the steam-bath, the solution was 
decomposed with ice and ammonium chloride. The product isolated was a 
crystalline solid. It crystallized from chloroform-light petroleum in short 
slender needles, m.p. 125-126° ( 8-1 g.) (Found: C, 74*3; H, S-K. C 24 H 34 O 4 
requires i% 74-6; H, K *8 %). 

A'^‘^-2:l~Dimeihyl-i:ry-diani3yloctadiene, The carbinol (5 g.) was de- 
hydrated by means of potassium hydrogen 8ul|)hate (3 g.). The ])ale rose- 
coloured oily product exhibited a bluish fluorescence, and had b.p. 202- 
20370*14 mm. (3-6 g.) (Found: G, 82*1; H, 8*5. C^ 24 ll 3 ol ^2 requires G, 82*3; 
H, 8*6%). 

2 : l-IHmethyl-i : r^-dianisylocimie. The diinethyldianisyloctadicnc (0-7 g.) 
in alcohol ( 10 c.c.) was shaken with hydrogen in jiresence of Adams’ platinic 
oxide catalyst (0*1 g.); 75 c.c. of hydrogen were absorbed in the course of 

1 hr. On distillation of the j)rodiict, a reddish yellow glass was obtained; 
the b.p. was 2I0-220°/0*3 mm. (Found: (', 82*0; H, 0 * 0 . G. 24 H 32 O 2 requires 

G, 81*8; H, 9*1 %). 

/12-®-2 : l-Diniffhyl-4 : 5-di~{p~hydroxyphcnyiyoctudienf. Demethylationof 
the above diniethyldianisylootadiene (3 g.) with |)otassium hydroxide (7 g.) 
in alcohol (25 c.c.) at 200-210" resulted in a thick yellow oil of b.p. 215-220°/ 
0*01 rnin. (Found: G, 81*0; H, 8 * 1 . C. 22 H 2 fl 02 requires 82*0; H, 8*1 %). 

The dibenzodte formed colourless prisms from alcohol, m.p. 71-72° 
(Found: G, 81*6; H, 6 * 2 . (’ 35 H 34()4 re(|uires G, 81*5; H, 6*4 %). 

4 : i'’DirnetkoJcy-(x-phenyl slilhene, Deoxyanisoin (5 g.) was added gradu- 
ally to an ice-cold (Jrignard solution prepared from bromobenzene (9*3 g.) 
and magnesium (1*5 g.) in dry ether (40 c.c.). The mixture was heated for 

2 hr. on the steam-bath and decomposed with ice and ammonium chloride. 
The ether layer was se|)arated, washed with water, dried and evaporated. 
The residue solidified and crystallized from alc'ohol in small ])risms, m.p. 
111 - 112 ° (5-0 g.). This substance is doubtless a/?-dianisyl-a-j)henylethan()l. 

The carbinol (9 g.) was boiled for 8 hr. with a mixture of acetyl chloride 
(10 c.c.) and acetic anyhdride (20 c.c.); the mixture was then decomposed 
with water and extracted with ether. The ethereal solution was washed with 
sodium carbonate solution and water, dried and evaporated and the 
residue was crystallized from al(;ohol. These crystals (6*3 g.) were dissolved 
in hot alcohol (100 c.c.) and on slow' cooling the solution deposited large 
prismatic crystals, m.p. 101- 103° (3*3 g.), raised by recrystallization from 
alcohol and finally from light petroleum to 105-106° (Found: G, 83*7; 

H, 6*3. G 22 H 3 n 02 requires C, 83*5; H, 6*4 %.) On shaking, the mother liquor 
gave a further crop of smaller crystals (2*3 g.), m.p. 75-85°, which after 
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several crystallizations from alcohol and finally from light petroleum had 
m.p. 92-93° (Found: C, 83-6; H, fi‘3%). A mixture of the two forms 
melted at 75-80°. 

^:4'-Dihydroxy-0L~phenyl-8tilbene. This substance was prepared by 
dcmethylation of the above dimethyl ether by means of potassium hydroxide 
and alcolujl in a sealed tube at 200° for 15 hr. Both forms of the dimethyl 
ether gave the same y)rodu<!t, which after crystallization from chloroform 
and finally from benzene had m.p. 99-100° (Found: (3, 83-8; H, 6-5. 
requires 0, 83*3; H, 5*6 %). 

4 : ^*-otfi-Tetrahydwxy‘OLfi‘dieihyl-a/i-diphenylethane, ^-Hydroxypropio- 
phenone (20 g.) was redticcd in moist ether by the amalgam from 40 g. 
aluminium foil (Vogel 1927). The ethereal solution was filtered from the 
aluminium hydroxide, dried and evaporated. The residue, dissolved in 
glacial acetic acid (40 c.c.), slowly deposited crystals of the pinacol (7 g.) 
which after recrystallization from alcohol melted at 204-200° (Found: 
0, 71-4; H, 7-35. C18H22O4 requires i\ 71-5; H, 7-3 %). 

The diacetate, prepared by boiling with acetic anhydride, crystallizes from 
alcohol and has m.p. 199-200° (Found: C, 08*0; II, (>*9. C22R26G6 requires 
C, 08*4; H, 6*9%). 

4:4*-I)iacetoxy-y :S-diphenyl-fi:S-hexadiem was prepared by boiling the 
above pinacol with a mixtiu'o of acetyl chloride and acetic anhydride for 
8 hr. The reaction mixture was decomposed with water and extracted with 
ether. The ethereal solution after washing with sodium carbonate solution 
and water was <lried and evaporated. The residue crystallized from alcohol 
in small lozenge-shaped prisms, m.p. 119 -120° (Found: C, 75*5; If, 6-5. 
C22H2a()4 requires C, 75-4; If, 6*3 %). 

^•A'-Dihydroxy’y : 8-diphenyl- fl iS-hexadiene, obtained by hydrolysis of 
the acetate, crystallizes from dilute alcohol in fine needles, m.j). 227-228° 
(Found; C, 81*1 ; H, 6-8, requires i\ 81-2; H, 6-8 %). 

The diprofrionate prepared by boiling with propionic anhydride crystal- 
lizes from aleoliol in ])risms, m.p, 9(r\ 

4 : ^*-(xfi-Tetrahydroxy-a/i-di-n-propyl-a/i-diphenyleJkane, This pinacol 
was prepared by reduction of p-hydroxybutyrophenono (Sandulesco and 
Girard 1930) with aluminium amalgam in moist ether. It crystallizes from 
alcohol and has m.p. 186-187° (Found: C, 72-4; H, 7*9. CgoHgeO^ requires 
C, 72*7; H, 7-9%). 

The diacetate, crystallized from alcohol, has m.p. 198-199° (Found: 
C, 69*6; H, 7*2. C24H3oO(, requires C, 69*5; H, 7*3 %). 

4 'A'-JJiacetoxy-S:e-diphenyl-y :e-octadien€. The above pinacol was de- 
hydrated by boiling with acetyl chloride and acetic anhydride. The resulting 
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diacetate, crystallized from alcohol, has m.p. 129-130“ (Foiiml: C, 70*3; 
H, 7'1. requires C, 76*16; H, 6*9%). 

4‘A'-Dihydroxy~S:€-diphenyl-y:e-ocladiette, prepared by hydrolysis of 
the diacetate, crystallized from benzene in needles, m.p. 127-128“ (Found: 
C, 81*4; H, 7*3. (l2off22^* requires C, 81*6; H, 7*6 %). 

4 : 4' -lHhydroxy-fi:y-diphenyl-a:y: butadiene was prepareil in a similar 
manner from p-hydroxyacetophenone pinacol, and crystallizes from ben- 
zene in needles, m.p. 164-165“ (Found: (\ 80*5; H, 6-9. CigHi402 requires 
C, 80-6; H, 6-9%). 

'Che diacehUe, crystallized from alcohol and melted at 118—119“ (Found: 
C, 74*2; H, 5*8. ('20H18O4 requires C, 74*5; H, 6*6 %). 

4:4'-a:fi-Tetrahydroxy-a,fi-dibenzyl-afi-diphenylethane was made by re- 
duction of p-hydroxyjihenyl benzyl ketone with aluminium amalgam in 
moist ethereal solution and it crystallized from dilute alcohol in needles, 
m.p. 197-198° (Found: C, 78*5, H, 6*2. Cjj8H20O4 requires C, 78*8; II, 
6*1.5%). 

The diacetate crystallized from ethyl acetate in small prisms, m.p. 208- 
209“ (Found: (-, 7.5*4; H, 6*0. C32H30O4 requires C, 7.5*3; H, 5*9%). 

ft : S-lH(4-hydroxi/phenyl)-ot : S-diphenyl-a : y-butadiene. The diacetate of 
this substance is prepared by dehydration and simultaneous acetylation of 
the above pinacol by boiling with acetyl chloride and acetic anhydride. It 
crystallizes from ethyl acetate and melts at 202“ (Found: C, 80*9; H, 6*6. 
C32H2JO4 requires C, 81*0; H, 5*5 %). 

The free <lihydroxy-compound crystallizes in needles from alcohol and 
has m.p. 231-232“ (Found: C, 85*9; H, 5*7. C28H22O2 requires C, 86*1; 
H, 5*7 %). 

ftft-Di{4-hydroxyphenyl)-a-phenylelhylene. /S/f-Dianisyl-a-phenylethylene 
(2*0 g.) (Orechow 1919) was heated in a sealed tube to 190° during 18 hr. 
with jjotassium hydroxide (4-0 g.) and alcohol (8 c.c.). On acidification, the 
solution gave a gummy precipitate which gradually solidified and then 
crystallized from ben'zene as [jale yellow prisms, m.p. 178“ (Found: C, 8.3*2; 
H, 5*6. C20H44O2 requires 0, 83*3; H, 5*6 %). 

va.-Methoxyaaetophe7¥me, The method of Wahl and Silberzweig (1903, 
1905) was found to be tedious and to give very poor yields. A method analo- 
gous to that employed for the preparation of acetopiperone (Richardson, 
Robinson and Seijo 1937) gave an overall yield of 90-95 %, starting from 
m-methoxybenzaldehyde. 

4:3'-Dimelhoxychaikone. A solution of m-mcthoxyacetophenone (50 g.) 
and anisaldehydc (45*4 g.) in alcohol (150 c.c.) was shaken for a few 
minutes with aqueous sodium hydroxide (60 c.c. of 10 %), seeded and kept 



164 E. C. Dodds, L. Golbcrg, W. Lawson and Sir R. Robinson 

overnight at 0°. The yellow crystals wore collected, washed well with water 
and a little alcohol, and recrystallized from dilute alcohol forming yellow 
prisms, m.p. 52” (55 g.) (Found: C, 7G-2; H, 6-0. requires C, 76-1; 

H, 6.0%). 

y-Kpi^-OL-ryario-Qc~anisyl~y-{m-methoxi/pkmyiypropanp, A solution of the 
ohalkone (53*6 g.) in methyl alcohol (150 c.c.) was heated to boiling and 
sodium cyanide (20*4 g.) added, together with three drops of a solution of 
phenolphthalein. The mixture was boiled for 20 min., a solution of acetic 
acid (12 g.) in water (10 c.c.) being added dro[)wiso at such a rafiC that the 
reaction mixture remained faintly pink in colour. The formation of a brown 
colour indicated the end of the reaction. The solution was added to broken 
ice, the suijernatant liquid was decanted from the oil which was washed by 
decantation and dissolved in hot acetone. On cooling colourless prisms 
separated, m.p. 92-94” (50 g.). Further rccrystallization raised the m.p. to 
96^-97” (Found: C, 731; 11, 5*7. {\gH17O3N requires G, 73*2; H, 5*8%). 

fi-{m-Mpihoxybpnzoyl)-ct-anisylpropionamidp, The nitrile (45 g.) was 
suspended in glacial acctu; acid (225 c.c.) and concentrate<l sulphuric acid 
(45 c.c.) added slowly with constant shaking. After keeping for 1 5 min., the 
mixture was pourtul on ice. The sticky itiddish mass winch separated was 
extracted with chloroform, the combined extracts washed well with water 
and dried with sodium sulphate. On evaporation, a reddish-brown oil 
remained which solidified on trituration with alcohol. It crystallized from 
alcohol in colourless needles, m.p. 112-115” (41 g.). Recrystallized twice 
more, it melted at 136-137” (Found: C, 0«*8, If, ()*2. (^igHigO^N requires 
C, 69*0; If, H l%). 

fl’{m~Methoxyhpnzoyl)-a-anisyl 2 }ropionic acid, A solution of the amide 
(35 g.) in alcohol (100 c.c.) was boiled for 10 hr. wdth aqueous sodium hy- 
droxide (350 c.e. of 7 %). The solution was diluted with water, filtered, and 
acidified witli dilute hydrocliloric acid when a brown oil separated and soon 
solidified. It was collected, dried, and crystallized from ethyl acetate; 
colourless nee<llcs, m.p 144'-147” (30*5 g.). After two further recrystalliza- 
tions, m.p. 161-162° (Found: G, 68*8; H, 5*7. tigHigOg requires C, 68*8; 
H, 5-7 %). 

y-{m-Mptfi<)xyphenyl)-<x-anisylhutyric acM, A mixture of the koto-acid 
(28 g.), toluene (125 c.c.), concentrated hydrochloric acid (150 c.c.), aqueous 
acetic acid (75 c.c. of 5 %) and amalgamated zinc (75 g.) was boiled for 36 hr,, 
with the addition of concentrated hydrochloric acid (50 c.c.) every 9 hr. 
After cooling, the toluene layer was separated, washed with water and 
extracted with aqueous sodium carbonate. The combined extracts wore 
acidified, when a milky oil se})arated which could not be crystallized. It was 
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extracted with chloroform; on removal of the solvent a yellowish oil re- 
mained which was dissolved in hot light petroleum and crystallized in 
colourless needles on cooling. 'J'he in.p. was 96-97°, and after two more 
recrystallizations, 98-99° (Found: C, (i9*I; H, 6*7. (.\9H22O5 requires 
C, 69-1; H, 6-7%). 

1 ~Keio-^-meihoxy-2~anisyl’ 1:2:3: ^‘teirahydronaphthalene. The reduced 
acid (22 g.) was boiled with phosphoryl chloride (76 c.c.) for 6 min., cooled, 
and poured on ice. The solid which separated was extracted with (jhloroform 
and the extracts washed with aqueous sodium carbonate, dried, and 
evaporated. The brown solid so obtained crystallized from methyl alcohol 
or ethyl acetate in prisms, m.p. 124-126°; rocrystallized again, ni.p. 126- 
127° (l6g.) (Found: (\ 76-6; Tf, 6*4. requires C, 76-6; H. 6*4%). 

From the sodium carbonate washings, 3-6 g. of unchanged acid were 
recovered. 

1 - Efhyl - 2 - ( p-mHhojryphevyI) - 6 - wic/Aory- 3 : 4 -dihydronaphthalfw. The 
ketone (14 g.) was added slowly with stirring to a (Irignard solution from 
magnesium (7-7 g.) and ethyl bromide (27-2 g.) in ether (260 c.c.). The mix- 
ture was heated for 2 hr. on the steam-bath, cooled, and decomposed with 
ice and dilute sulphuric! acid. The ethereal layer after washing, (hying, and 
evaporation, left an oil which solidified on trituration with alcohol. It w as 
crystallized twice from ethyl acetate; jilates, m.p. 94-96° (lU*6g.) (Found: 
C, 81-2; H, 7-6. C20H22O2 recpiires C, 81*6; H, 7*6%). 

\-Ethyl-2-{p-hydroxyphenyl)-i\-hydrojcy - 1 : 2 ; 3 : ^‘tetrahydwnaphthnlene. 
The above dimethoxy-compound (4 g.), potassium hydix^xide (20 g.) and 
alcohol (100 c.c.) were heated together at 165° for 36 hr. in a rotating auto- 
clave. The contents of the autoclave were diluted, and the alcohol removed 
in mcuo. After cooling, the solution was extracted wdth ether, filtered, 
heated to remove the etlier, cooled, and acidified with dilute hydrochloric 
acid. The finely divided brown precipitate was taken up in ether and, after 
removal of the solvent, was washed with ethylene dichloride (10 c.c.) and 
recrystallized from a mixture of chloroform, ethyl Hcctat(^ and light petro- 
leum. After repeated recrystallization, the product w^as obtained as small 
colourless prisms, m.p. 266° after sintering at 226° (0*6 g.). It turned reddish 
brown on standing. It was not unsaturated and analysis showed it to be the 
tetrahydro-compound, disproportionation having apjiarently occurred 
(Found: (^, 80*1; H, 7*5. CigH2o02 requires C, 80*5; H, 7*4%). 

The dibenzoaie crystallized from benzene in plates, m.p. 213-216° 
(Found: C, 80-0; H, 6-9, C32H38O4 requires C, 80-6; H, 6*9%). 

5 : \ A-Dihydroxy‘ 1:2:9:10:11:1 ^-hexahydrochryaene-a, Diinethoxy- 
hexahydrochrysene-a (Ramage and Robinson 1933) was dissolved in the 
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minimum of boiling acetic acid and an equal volume of hydriodic acid 
(d. 1-9) added in the course of 2 min. A new substance soon separated from 
the clear solution and after boiling for 15 min. the mixture was diluted with 
water containing sul])hur dioxide. The nearly colourless needles were 
collected, dissolved in cold aqueous sodium hydroxide solution, recovered 
after filtration by acidification and the solid crystallized from methyl 
alcohol and then ethyl alcohol and finally from chloroform. The colourless 
prisms, m.p. 263-204*' were very sparingly soluble in alcohol or chloroform 
(Found: C, 79*9; H, 6*8. After drying at 105*" in a high vacuum: C, 80-9; 
H, 6-7. CigHigOg requires C, 81-2; H, 0*7 %). 

One of us (E. C. D.) is grateful to the Medical Research Council for con- 
tinuous support throughout this work. Another of us (L. G.) is grateful to the 
Council of the ITnivorsity of the Witwatorsrand for a Scholarship. We wish 
to thank Boots Pure Drug Co. Ltd. for assistance in the preparation of 
dicthylstilboestrol and the British Drug Houses, Ltd. for a communication 
respecting the properties of dicthylstilboestrol as follows: “The biological 
activity in spayed rats by the single injection technique is > 3 times that 
of oestradiol or oestrone (these two are C(iual). By the three-dose method 
in rats the activity is at least ecpial to that of oestradiol.” 
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[Plate 1] 

1. Introduction 

It was previously shown that the addition of cytochrome c to a hoart- 
rnusole preparation greatly increases its power of catalysing the oxidation 
of such substances as p-phenylene diamine, hydroquinone, cysteine and 
ascorbic acid. It was demonstrated that the oxidations of these substances, 
which can be used for the detection and estimation of intracellular oxidase, 
ai*e catalysed not directly by the oxidase but through the co-operation of 
cytochrome. The only direct function of the oxidfise, so far ascertained, is 
the oxidation of reduced cytochrome, and the enzyme can therefore bo 
considered as cytochrome oxidase (Keilin and Hartree 1938a). Sevc^rai 
properties which have been previously ascribed to it do not belong, how- 
ever, to this enzyme alone but are the properties of tluj complete (iyto- 
chrome-oxidaae system. 

The object of this paper is the study of the mechanism of oxidation and 
reduction of cytochrome in order to determine the projierties and the 
nature of cytochrome oxidase. 

IT. Heart-muscle preparation and some of its properties 

\ 

The best material for tliis study is the heart-muscle preparation obtained 
by the method described in a previous paper (Keilin and Hartree 1938C1). 
This preparation is free from haemoglobin but contains several enzymes 
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and carriers which are cither insoluble or intimately bound to insoluble 
material. 

On s|)ectroscopic examination it shows live difiuse bands in the visible 
region : ( 1 ) a narrow band at about 005 m/t which belongs j)robably to a 
small fraction of cytochrome a in the reduced state, (2) a band at 567 m// 
which corresponds to the fused a-bands of oxidized cytochrome components 
b and c; (3) a band at 529 m/^ which represents the fused /?-bands of the 
same two components; and finally (4) and (5) two bands at 495 and 
465 m// which belong to a flavoprotein compound (VII, fig. 2, Plate 1).* 

^riio a[)pearance of this absorption spectrum does not change even when 
the suspension is kept in jiuro nitrogen or when trcato<l with cyanide which 
shows that it is completely devoid of reducing substances and metabolites. 
This is, moreover, corroborated by the facts that this preparation has no 
oxygen uptake Jind does not reduce methylene blue anerobically. 

On adclition of sodium succinate to this preparation cytochrome becomes 
reduced, and on sliakirig the inixtiiro with air it bcciornes rapidly re- 
oxidized. Tested maiiometrically, the suspension now shows a rapid oxygen 
uptake, which is greatly accelerated by the afldition of cytochrome r 
{ 10' 3 to 1 0”^ m), and when tested anaerobically it rai)i(lly reduces metliylene 
blue. 

Although this muscle ])reparation contains otlier enzymes, including a 
fairly strong catalase, tlie only reactions which take place on addition of 
succinic acid are: (1) its oxidation to fumaric acid, and (2) the formation 
of malic from fumaric acid catalysed by funiarase; both reactions being 
reversible. 

Other enzymes are practically inactive owing to the absence of their 
specific substrates and of coenzymes essential for their activities, 

III. AnsonmoN spkotrum of ovtociiuomk in 

JlEART-MrSCLE PREPARATION 

Spectroscopic examination of the reduced cytochrome in this preparation 
shows a remarkably strong band a which is more intense than the bands 
h and c. There is an obvious deficiency of cytochrome c, as its band, instead 
of being stronger than that of the component 6, is of approximately the 
same intensity. 

In addition to the bands a, b and c, which are the a-bands of the corre- 

* These bands are hardly porcoptiblo in preparations showing reduced cytochrome 
which may bo duo either to the reduction of flavoprotein itself or to the changes in 
the background taking place during the reduction of cytochrome. 
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sponding components of cytochrome, and the band d representing the 
/7-bands of at least the components h and c, our preparation also shows the 
three Soret or y-bands of cytochrome (fig. 1). These bands can easily be 
seen in a dilute muscle preparation suspended in a 70 % solution of cane 
sugar or in glycerine and examined with a strong light passing through a 
suitable colour filter, such as Wratten C and D filters or a solution of 
ammoniacal copper sulphate. Bands y can also bo made clearly visible by 
peptizing muscle preparations with sodium taurocholate or desoxycholate 
which make the preparation transparent and suitable for spectroscopic 
examination.* 



Fie. 1. Dja^ram showing «f absolution bim<ls <»f cytochrome 

components tog(»thcr witli oUl and new notation of bands* 


The y, like the other bands of <»ytochrome, can be gimtly intensified 
and 8har|)cncd when the suspension is cooled to the temperature of liquid 
air. For this purpose a very dilute suspension of muscle preparation 
reduced with sodium succinate is poured into the flattened end of a tube 
where it forms a layer 2 mm. thii'k. The tube is cooled in liquid air and 
rapitlly examined H{)ectroscopically. 

The y-bands ap^iear in approximately the same positions as the corre- 
sponding bands in the transparemt thoracic muscles of bees as described by 
Warburg and Negelein ( 1931 ), namely, 44S, 432 and 415m/t (fig. I and T, 
fig. 2, riate 1). That the latter two y-bands belong respectively to the 
components h and c of (jytochroine >ve are able to prove now by showing 
that each of these bands always appears and disappears simultaneously 
with the corresponding a-band and inde])endently of other bands. The true 
nature of the first y-band (448 m//) will be discussed later. 

It is important to remember that the y-bands in our preyiaration are 
only visible when cytochrome is reduced. In the oxidized state these 
bands are invisible, the first two y-bands being probably very weak and 
masked by general absorption in this region, while that of c is shifted 
towards the blue end of the sjHJctrum (405 m/f) and lies outside the region 
suitable for direct spectroscopic observation. 

* The use of bile salts, which is extensively applied to the study of viHual purple, 
was recominondod to us by Dr E. L. Smith. 
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IV. Effects of respiiiatoby inhibitors on cytochrome 

We shall now examine the ohanges in the absorption spectrum of cyto- 
chrome brought about by the addition of substances like CO, KCN, 
NaNs, HgS, NH^OU, NaF and peroxides which are known as reversible 
inhibitors of collular respiration, or as substances combining reversibly 
with such haernatin compounds as haemoglobin and methaoinoglobin, 
peroxidase and catalase. Throughout this study, unless otherwise stated, 
cytochrome in the lieart-musclo preparation was reduced with sodium 
succinate. In the description which follows heart-muscle preparation 
showing the absorption sj^ectrum of reduced cytochrome will be referred 
to as “reduced cytochrome”, the absorption bands as “bands”, and oxi- 
dized and reduced components of cytochrome will be designated by the 
corresponding letters and signs of valency, writing, for instance, c‘” and 
c** instead of oxidized and rcwluced components c of cytochrome. A con- 
venient notation for the absorption bauds of cytochrome which is proposed 
in the present pa])er (see Table I, p. 177 ) consists in the customary use of 
the lettOTs a, and y to denote the three bands of each component together 
with prefixes a, h and c to differentiate between the cytochrome components. 
Thus, the a-, ft- and y-hands of the component c will be respectively 
referred to as ca, c/? and cy. 

We can mention at this stage that a critical analysis of the experimental 
results now to be described has led us tt> the concjlusion that there exists 
in aerobic cells a new cytochrome component which we have denoted as 
(Keilin and Hartree, 1938 />). 


HkSCRIPTION of l^JLATE 1 

Fio. 2. Diagrammatic! figure of reronstructi^ci abuor^ition spc'ctru of reduced and 
oxidized cytochrome m iicait -muscle preparation, uiiirratod and treatod with dif- 
ferent respiratory inhibitors. Bunds of iwh spectrum represented os seen in 
three difTi^nmt depths of jireparation; their ratio, according to bands, being u})proxt- 
matoly os follows: 8 fur a aiul fJ hands; 2*.'> foi ay aiul n^y\ 1’5 f<jr by and vy. Band 
cy is seen more distinctly because deficiency of this component in this preparation is 
cotnpensattHl by addition of soluble e. Xotation of )>ands given alx)ve and below 
diagram refoiN only to sjiectra T and VJI r(*Kpecfi\ ely. Spectrum II sliows Og" CO 
oe-band at 590 m/i, hand OgCOy ajjpears at 432 rri//, whore it overlaps and intoii- 
sifies hand by. Band ny is seen at 452 in//. In spectrum HI bauds a and y of Oa are 
invisible owing to its oxidation and combination w'lth inhibitoi's. ISpectra IV, V' and 
ore clearly explaimsl in the figure. Spectrum VII, representing oxidized cyto- 
chrome reconstruct.eil from different depths of preparation, shows nnnains of 
reduced oa-band, two diffuse parahaenmtin bands (pa and pfi) of compounds b 
and c, and two diffuse bands (/) of a flavoprotein compound, which become hardly 
perceptible in pn^parntions showing reduced cytochrome. 
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( 1 ) Effect of CO 

On treating cytochrome with carbon monoxide, the bands of 6a, ca 
and (6 + c) remain unmodified, while the band oa undergoes a very marked 
change. It becomes wide, asymmetric and spreads towards the blue end 
of the spectrum, partly obliterating the space which separates it from the 
band 6a. It shows, moreover, an additional reinforcement at about 690 m/t, 
while its long wave side remains sharply defined. The strong band ay 
(448 m/£) disappears and is replaced by a very pale band at 462 m/t, while 
6y becomes much stronger and sharper (II, fig. 2, Plato 1). The correct 
interpretation of these changes can only be arrived at by studying the 
effect of other inhibitors on cytochrome. 

(2) Effect of KCN 

The effect of KCN on reduced cytochrome can he studied in two ways : 
aerobically in open tubes and anaerobically in Thun berg tubes. 

In aerobic experiments, a small amount of cyanide is added to the muscle 
preparation containing sodium succinate and showing reduced cytochrome. 
Spectroscopic examination of the mixture does not reveal any marked 
change in the a<bands of all the components. On the other liand, ay 
disappears and is replaced by a weak band at 452 m/t, while by and cy 
remain unchanged (III, fig, 2, Plate 1). On treating this preparation with 
CO no changes can be noticed in the spectrum. This shows that KCN, 
which affects only the band rty, prevents the formation of the CO com- 
pound which is so easily formed in absence of KCN. Moreover, on addition 
of KCN to the preparation treated previously with CO, the spectrum due 
to the presence of (^O disapfiears and is replaced by that which is obtained 
in presence of K(jN. 

In anaerobic experiments, the muscle preparation (4 c.c.) containing 
sodium succinate and a drof) of caprylic alcohol is put into a modified 
Thunberg tube the hollow stopper of which receives 0-6 mg. of solid KCN. 
The tube is evacuated and, after standing for 16 min., its contents are 
mixed. Spectroscopic examination now reveals a very marked change in 
the appearance of band aa which broadens towards the blue end of the 
st^ectrum and has a distinct appearance of being double. Band ay becomes 
wider and somewhat more diffuse lying now at 450 m/«, while the other 
bands remain unchanged (IV, fig. 2, Plate 1). On letting air in, the appear- 
ance of the spectrum changes at once and reverts to that of reduced cyto- 
chrome treated with KCN in an open tube. Similar results can be obtained 
also in an open tube provided cytochrome is reduced not by the succinic 
system but by an excess of Na^ 04 . 
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No clear changes can be observed on addition of KCN to oxidized 
cytochrome which is due to the diffuse appearance of its spectrum. 

(3) Effects o/HjjS, N^aN3 and NH3OH 

Those substances act on cytochrome in the same way as KCN b'ut only 
umler iierobic comlit.ions When added to reduced cytochrome a marked 
change is seen only in the band ay which is replaced by a weak and diffuse 
band at 462m//, while other bands remain unmodified (III, fig. 2, Plate I). 
Like KCN those substances prevent the formation of a compound with CO. 
This inhibition is, however, not as complete as that produced by KCN. 
In fact, even if allowed to stand in presence of an excess of these sub- 
stances, the CO compound is gradually formed. 

(4) Effect of 

Sodium fluoride cannot be considered as an inhibitor of the oxida.se. 
On the contrary, in presence of sodium succinate, it inhibits not the 
oxidation but the reduction of (*ytochi'omo. This inhibition, as can bo 
demonstrated spectroscopically and manometrically, is not very marked. 
Thus, NaF in concentrations of 0*003, 0*01 and 0*02 m inhibits the oxygon 
uptake by only 15, 42 and 70% respectively. On treating the preparation 
with NaF the ay-band (448 m//) is replaced by a weak band lying at 452 m//, 
while other bands of cytochrome remain unchanged. On standing, this 
band very soon reverts to its usual intensity and position which shows that 
the effect of NaF on cytochrome is not as marked as that of NaN* or 
NHaOH. 


(5) Effect of peroxides 

The effect of hydrogen peroxide on cytochrome in heart-muscle pre- 
paration is very difficult if not impossible to observe owing to the presence 
in our preparation of a sufficiently active catalase to decompose rapidly 
all the H2()2 added to it. The addition of cyanide or of hydroxylamine to 
poison the catalase does not help in this case because those inhibitors, as 
has just been shown, also react with cytochrome. Although we have failed 
so far to discover a reaction between cytochrome and HgOg the experi- 
ments with hydrogen peroxide were not devoid of interest. They have 
shown, for instance, that a great excess of HgOg added to the muscle 
preparation containing sodium succinate and 0*003 m cyanide did not 
oxidize the reduced components a, h and r. 'Fins seems to indicate that if 
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H 2 O 2 is formed within living cells as a result of some primary oxidation 
reactions, it would not oxidize reduced cytochrome. The previously ob- 
served oxidation of extracted cytochrome c by H 2 O 2 may be due to a 
peroxidatic reaction catalysed either by c itself or by some haematin 
derivatives resulting from their partial destruction by H 2 () 2 . it is also 
possible that all the components of cytochrome in heart-muscle preparation, 
including c, are absorbed to, or combined with, some insoluble material, 
which protects them from oxidation and destruction by HgOg. 

In order to observe an effect of a peroxide on cytochrome an attempt 
was made to replace KgOg by ethylhydroperoxide which is not decomposed 
by catalase. A slight complication in these experiments is the partial 
oxidation of cytochrome. The experiments properly controlled seem, 
liowever, to show that the addition of ethylhydroperoxide causes the 
fading of the band ay and is rt^sponsiblo for the delay in the formation of 
a compound with carbon monoxide. Tn other words the effect of ethyl- 
hydroperoxide on cy toclirome is somewhat similar to, although loss marked 
than, that of KCN, NaN^ or NHgOH. 


V. JJXISTENCE OF COMPONENT % 

The experiments related in the previous chapter show that the absorp- 
tion spectrum of reduced cytochrome in the hoart-musclo prej^aration is 
affected by substances like CO, KCN, NaNs, H 2 S, NIJ 2 OH, NaF and 
(gH^OOH which^are known cither as resj)iratory inhibitors or as sub- 
stances combining with different haematin compounds. According to the 
effects which they produce on cytochrome these substances can be grouped 
into throe categories ; 

( 1 ) CO which affects the bands ua, ay and hy and modifies them in a 
similar manner whether the reaction takes place anaerobically or in 
[ircsence of a small concentration of oxygen. 

( 2 ) KCN which affects the bands aa and ay but only under strictly 
anaerobic conditions. 

(3) KCN, NaNg, HaS, NaF, NHaOlI and C 2 H 5 OOH which markedly 
affect only the band ay under aerobic conditions; the presence of oxygen 
being essential for this reaction. 

In all these experiments only the bands aa, ay and by of cytochrome 
appear to be affected by the respiratory inhibitors. At first sight these 
experiments seem to suggest that the changes observed in the absorption 
spectra of cytochrome arc simply due to the formation i)f compounds 


IJ-2 



174 


D. Keilin and E. F. Hartree 


between the components a or 6 and the substances mentioned above. 
Careful analysis of these results, however, does not support this view. In 
fact, it is difficult to understand why the formation of a compound between 
a and K(^N or NaN3, for instance (111, tig. 2, Plate 1 ), requires the presence of 
oxygen and affects only the band ay. while the band aa, being unchanged, 
clearly shows that corn[)onent a remains still in the reduced state. We can 
hardly ascribe these changes to the combination of a with K(3N without 
postulating the formation of a peculiar compound, one portion of which, 
responsible for band aa, is rc<hiced, while the other, responsible for band 
ay, is oxidized. The existence of such a compound is, moreover, difficult 
to reconcile with the formation of another KCN compound which only 
takes place under strictly anaerobic conditions (IV, lig. 2). Finally, it is 
difficult to explain how (JO can affect simultaneously both a- and y-bands of 
one component (a) and only the y-band of another component (b) (TI, tig. 2), 

These facts make it very difficult if not impossible to accept the view 
tliat the observed spectroscoi»ic! changes are due to the formation of 
coiiqKumds between the eomjioiients a or h and the respiratory inhibitoi*s. 

The only satisfactory explanation of those changes which takes into 
account the results of all our experiments consists in postulating the 
existence of a new component, the absorption bands of which have not 
been liitlicrio recognized because they lie too closely to the corres{)onding 
bands of coiufionent a. We shall designate this new component as a-3 in 
order to distinguish it from components Ui (581)ni/f) and Og (b30m/^) which 
are known to occur only in a few bacteria devoid of component a* The 
absorption bands aa and ay, which have hitherto been considered as 
belonging to component a only, are in fact the fused bands of two com- 
ponents a and While the band is weak compared with aa and lies 

probably at about fiOO m//, the band lying at 448 m//, is, on the contrary, 

much stronger than ay, which oc<uipies only the long wave margin of n^y 
and lies at 452 in// (fig. 3). 

If the (‘omponent ag now undergoes oxidation, while the component a 
remains reduced, the band a (605 m//) will hardly change its intensity but 
the band y (448 m//) will disappear leaving a pale shading at 452 m//. 
The component differs, moreover, from a in several other properties. 
Thus while a is not autoxidizablo and <loc8 not react with respiratory 
inhibitors, is autoxidizablo and forms with those inhibitors definite and 
more or less stable compounds. 

* The nature of thene two coinjioiients lUid which have certain properties 
in common with fij, and their ndationship with the latter, will bo discussed in a 
Separate paper. 
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With CO, the component ^3 combines only in the divalent state forming 
a compound with two bands shifted towards the blue end of the spectrum. 
Thus, the a^a-hand becomes distinctly visible lying at about 690 m/t and 
remaining still fused with and broadening the aa-band. The a3y-band 
moves from 448 to 432 m//., where it overlaps and intensifies the 6y-band 
(TI, fig. 2 and fig. 3). The weak ay-band becoming thus unmasked can be 
seen at about 462 m//. 

With KCN O3 combines both in the divalent and trivalent states, forming 
two distinct compounds. The fortnor compound, which can only be obtained 
under striiitly anaerobic coiulitions, shows a very characteristic a})Hor[)tion 
spectrum (IV, fig. 2, Plate 1). This derivative is, however, unstable and 
easily undergoes autoxidation to a trivalent Ug CN compound. 



In the trivalent state has a very great affinity for KON. When rc/lucied 
cytochrome exposed to air is treated with cyanide, undergoes oxidation 
and readily combines with KCN forming a eompound (a.,"* CN) which 
carmot be easily reduced by the succinic system, (/yanido can be con- 
sidered therefore as an inhibitor stabilizing this component in the oxidized 
state. The great affinity of ag'” for cyanide and the stability of the 
a-3'*’ CN compound explain the remarkable property of to undergo 
oxidation on the addition of KCN, oven in the presence of only traces of 
oxygen, when all the other components of cytochrome are completely 
reduced. It must be remembered that trivalent whether free or combined 
with cyanide does not show /listinct absorption bauds in any region of the 
visible spectrum. The formation of the 03’” CN compound must therefore 
bo accompanied by the di8api)earance of the Uga- and agy-bands. The dis- 
appearance of the Uga-band w'ould hardly affect the intensity of the band 
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aa of which it represents only a small fraction. On the contrary, the dis- 
appearance of the flpgy-band reduces the strong y-band (448 m/^) to a very 
weak band lying at 452 m/i and belonging to the component a. The exist- 
ence of u, clearly explains the changes in the absorption spectrum of 
reducxxl cytochrome taking place in presence of KCN and traces of oxygen. 

Other substances like HaS, NaN 3 , NHgOfl and NaF combine only with 
trivalont forming with it a series of compounds analogous to ON. 
The affinities of HjS and NaNg for arc, however, somewhat lower than 
that of KCN but much higher than those of NHjOH atid NnF. The com- 
pounds of ^3 with the latter two substances arc unstable, and on standing 
in presence of a reducing system rapidly undergo dissociation followed by 
the reduction of as indicated by the reappearance of the band a^y 
(44Sn\/i). 

Although normally the corupoiuMits a and O 3 are found in the same state 
of valeTuy, con<lilions can be realised when one of the components is 
oxidized while the other is reduced. Thus, in presence of inhibitors like 
K(JN, ITgS, NaNg, etc., and traces of oxygen, the component Ug, as wo have 
seen, undergoes oxidation and combines with these inhibitors while 
component a remains reduced. On the other hand, on shaking the pre- 
|)aration containing (X) with air, the component a may undergo oxidation 
wliile Cg remains almost complclx^ly reduced and combined with 00. All 
this strongly supports the view that we arc dealing here with two distinct 
but closely allied and intimately connected compounds a and 

VT. PrOPEKTIKS OB' CYTOtUlROME (COMPONENTS 

Before discussing the possible functional relationshi])s between ag and 
the other (somponents of cytochrome we shall briefly record their properties. 
The positions of the bands of those components together with those of the 
two spectroscopi(!ally recognizable derivatives of Ug are given in Table I. 
This table also shows the now notation for the absorption bands i)ropo 8 cd 
in this paper compared with the notation previously used. It can bo 
mentioned here that so far no y?-band could be detected in the components 
a and ofg or in derivatives of the latter. This band is probably masked by the 
a-band of components h or c. 

( 1 ) Component a 

The main pro{)erties of this component have already been considered in 
the section dealing with the effects of inhibitors on cytochrome. We may 
add here that this component is a haem-protein compound which is in- 



177 


Cytochrome and cytochrome oxidase 

soluble or intimately bound to the insoluble material of the cell. It is 
thermolabile, undergoing destruction above 52“ C. It does not combine 
with KCN, 00 and other inhibitors, and is very easily reduced by sodium 
succinate. Its absorption bands are as follows: 

acL -GOSm//, afi and ay — 162 m/i. 

Tablb I 


Coiiiponowta 
of cyt^ichrome 

Notatio 

Previmisly 

UHod 

n of bands 

Proposed 

now 

Position 
m in/t 
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ax 

HOfl 
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— 

ati 
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• 

— 

ay 

4S2 
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600 


— 

rtj,// 
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— 

rtar 

448 


b 

bx 


b 

d 

bfi 




by 



c 

ex 

550 

c 

d 

,•/? 

52] 


-* 

cy 

415 


1 

WgCOa 

500 

«,"CO 

— 

a^CO/i 

? 



a,COy 

432 




OjC'Na 

500 

Og " CN 

- - 

a,C’N/? 

? 




450 


(2) Component 

This component, as we have soon, is thermolabile and combines with the 
respiratory inhibitors such as CO, KCN, H 2 S, NaNg, NHgOH and probably 
with NaF and CgHgOOH. Its absorption bands are: 

— 600 rn//., — ?, and a^y — 448rn/<. 

* For roforenco to cotnjwiieiits Oi and Og, hoa footnoto, p. 1 74. 
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(3) Component h 

This component is also a tliermolabile haom-|)rotem comi)ound showing 
throe absorption bands in the reduced states; b(x — 664m//, bfi — 630 m/^ 
and 6y— 432 m//. It is also insoluble or bound to insoluble material of the 
cell and cannot therefore bo isolated in an iinmo/lified or undenatured 
state. The so-called “extracted <*ytochrome 6*’ of Yakushiji and Mori 
(1937) is probably only a haematin derivative of b mixed with some 
denatured proteins and cannot therefore be identified with native 6. 
Cytochrome b differs from components a and c in being distinctly autoxi- 
dizable. In fa/‘t, if h is reduced by substances like ascorbic acid or 
adrenaline which do not require to be activated by specific dehydrogenases, 
it can be reoxidized in air even in presence of a great excess of cyanide. 
If h is reduced by succinic acid, its autoxidation in i)re8cnco of cyanide 
can only be observed when the /lehydrogenase system is inhil)ited by the 
addition of sodium inaloiiatc. It is important to remember, however, that 
cytotdirorne b is much more easily rediuied by the succinic dehydrogenase 
system than by the reducing substances like ascorbic acid, adrenaline, 
hydro/piinonc or p-phenylenediaminc (V, fig. 2, Plate 1). This indicates 
that component b does not play an important role in the catalytic oxidation 
of these compounds. The integrity of the component h in the heart-muscle 
preparation treated in different ways cannot therefore be recognized from 
the mere fact that the (uxtalyf ic oxidation of jj-phenylenediamine by this 
preparation proceeds normally. 

There are, on the other hand, clear indications that the activity of the 
component b is intimately connected with those of dehydrogenases. The 
aerobic oxidation of substances like succinic acid depends not only on the 
integrity of components a, and c but also on that of b. This is clearly 
shown by the behaviour of cytochrome b in iiresence of narcotics (Keilin 
1925) and can be illustrated by the following experiment: 3 c.c. of heart- 
muscle prci>araf ion, containing a small amount of succinic' acid and showing 
rapid oxidations and reduefions of cytochrome, receives 0-3 c.c. of a 30% 
solution of urethane. On shaking the suspension with air, components a, 
ttg and c are ra])idly oxidized and do not undergo reduction even on 
standing, wdiile b remains completely redu(*ed even on vigorous shaking 
with air and clearly shows its bands ba, bfi and by (VI, fig. 2, Plate 1). 
Urethane, therefore, like all other narcotics, inhibits the reduction of a, 
^3 and c and the oxidation of b. According to Tamiya and Ogura (1937), of 
the three components of cytochrome, b reacts directly with the dehydro- 
genase system, c with the oxidase and oxygen, while a forms a link betw’een 
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b and c, being reduced by the former and oxidized by the latter. The 
jx^culiar effect of urethane on component 6 they ascribe to its inhibition 
of the activity of a, thus breaking the link between h and c. Considering 
that narcotics inhibit to a certain degree the anaerobic reduction of 
methylene blue by the same systems, the supposition of these workers 
would naturally imply that this reaction also ])roceods through at least 
two components of csytochrorne, a and 6. So far, there is no direct evidence 
supporting this view. In fact, even in the presence of narcotics and sodium 
succinate b can undergo oxidation, when the activity of succinic; dehydro- 
genase is abolished by the addition of oxalacetic acid. Moreover, when h 
is reduced by substances not activated by dehydrogenases, narcotics do 
not prevent its reoxidation. It is conceivable that the effect of narcotics 
consists in bringing about the formation of a not easily dissociable 
complex composed of dehydrogenase, substrate and cytochrome b and so 
making it inaccessible to the portion of the system reacting with oxygen. 

It is important to mention hero that narcotics, which hardly alfcct the 
oxidation of p-phenylenodiamine, inhibit more strongly the aerobic 
oxidation of succinic acid by the cytochrome system than its anaerobic 
oxidation by methylene blue. It appears, therefore, that there is no strict 
j»aralleli8m between the property of the muscle preparations to reduce 
cytochrome c and their ])roperty to reduce methylene blue. Tn fact, from 
the heart-muscle suspension treated in different ways, preparations can be 
obtained which in presence of succinic acid hardly reduce cytochrome c 
and ui*e yet capable of ra|)idly oxidizing the substrate by means of methy- 
lene blue.* This seems to indicate that the activated rtioiccules of substrate 
do not react with cytochrome c directly but through another and more 
labile comjiound which may be either cytochrome b itself or a liithcrto 
unrecognized component of the system. 

(4) Conipomnt c 

('ytoclirome r, unlike the other com])oncntM, is thermostable and com- 
])aratively resistant to denaturation. It is soluble or perhaps more easily 
detached from the insohiblo material of the cell and can therefore bo 
extracted and very easily i)repared in a pure state (Keilin and Hartree 
1937). Its spectrum is composed of three bands: ca 550m//. c/i — 521 m// 
andey — 415in/i. Within the physiological range of pH it is not autr»xidizable 
and does not combine with (X). In the oxidized state it does not combine 
with KCN, HjjS or NaNg. It combines very readily, however, with NO. 

* The reduction of cytoclirorno by the sueeini/; and otJier dt'hydrogf'miw^ systenis 
will be diHcuHsod in a Hpueial paper dealing with this subject. 
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At pH below 4 and especially above 12 it becomes autoxidizablo and 
combines with (^O forming a compound very sensitive to light. Oxidized 
€ is easily reduced both by activated metabolites and by a great variety 
of reducing substances such as cysteine, adrenaline, ascorbic acid and 
p-phcnylenediamine. Reduced c is, on the other hand, very rapidly oxi' 
dized when brought into contact with even a very dilute prei)aration of 
heart muscle. 

On applying to the study of cytochrome c a greatly improved spectro' 
photometric technique, Altschul and Hogness (1938) believed to have 
found that this component combines Avith CO throughout the entire range 
of pH. It is, however, difficult to draw such a conclusion from the curves 
given by these workers, as the slight effixit of (JO which they reveal at 
pH 7-0(3 may be due to its combination cither with a small fraction of 
denatured c or with some other haematiri impurity in their preparation. 
That CO does not combine with unmodified cytochrome c below pH 13 
can be demonstrated by the following manometric experiments. 

80 c.c. of strong cytochrome c solution obtained from two horse hearts 
is i)rcci[>itat(5d by 4 vol. of cold acetone, resuspended in a small volume of 
water and dialysed against 0-5% NaCl. A slight precipitate is filtered off 
giving 20 c.c. of a clear and very strong solution containing 0-0565 mg. of 
cytochrome Fo per c.c.; 4*4. c.c. of this solution being equivalent to 
100 cu. mm. of (X). 

The manometric experiments are carried out in Barcroft differential 
manometers at 19'^ C. The right-hand flask of one receives 4-4 c.c. cyto- 
chrome f, 1-6 c.c. 2 m phosphate buffer j)H 7, and 5 mg. of dry Na^Sa04 in 
a dangling tube suspended from the central potash tube. The left-hand 
flask receives 4-4 c.c. Avater, 1-6 c.c. buffer and 5 mg. Na2Sjj04 in a dangling 
tube. The manometer is evacuated, washed three times with pure Ng and 
filled with }>ure CO. After temperature equilibration, the dangling tubes 
are dislodged and the manometer is read every 5 min. 

Table II. Theoretical absorption, 100 cu. mm. 

cu. mm. CO 


Ixp. IIU. 

pH 

aUsorbod 

1 

7 

11 

2 

10 

21 

3 

13 

104 


Two other experiments were carried out in a similar way but in more 
alkaline solutions, one at pH 10 and the other at pH 13. The results of 
these experiments, which are given in Table II, show that only at pH 13 
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does cytochrome c* combine with CO. The small uptakes at lower pH are 
probably due to a slight denaturation of cytochrome c by acetone. 

A significant contribution to our knowledge of the structure of the cyto- 
chrome c molecule has been made by Theorell (1938) who was able to 
correlate its stability with a unique double thioethcr linkage between 
the protein and the prosthetic group. 

VII. Relationship between components a and 

The invariable association of components a and clearly indicates that 
they are in some way intimately connected. This is, moreover, sujipork^d 
by the existence of a definite proportionality between these two com- 
ponents ; namely, the stronger the absorption bands of a in a preparation 
the more intense arc the bands of spectroscopically visible derivatives 
of a^. In other words Ug can only be detected easily in cells showing a high 
concentration of a. 

That these two components have an i<lentioal haem nucleus is shown 
by the similarity of their absorption spectra and, more so, by the fact that 
on denaturation with alkali and treatment with |>yridine both com- 
])ononts yield only one spectroscopically recognizable hacinochromogen. 
This haem nucleus is probably very similar to that of chlorocrnorin. 

The proteins of those compounds also show great similarities in their 
properties. Thus, both are insoluble or bound to insoluble material of the 
cell, and both exhibit the same degree of fragility when treated W'ith alkali, 
acids, alcohols and acetone, dried in air or warmed above 52 ‘’ C. Roth 
('ompounds are, if anything, less stable than most enzymes. 

On denaturation by any treatment the a-band of these compounds 
moves towards the blue end of the spectrum to occupy a f)Ositum at about 
583 m/£. This derivative (of a and ofg) has the ])roperties of an ordinary 
haemochromogen, namely, it is autoxidizablo and combines with (X). 
The native proteins of a and a, must, however, differ in some respects so 
as to form with the same haem nucleus two compounds having distin<*t 
properties. The differences may also bo of such a nature as not to exclude 
the interconvertibility of these two components. 

VIII. Component and cytoohrome oxidase 
(1) Evidence for identity of and oxidase 

As to the physiological significance of o-j, the evidence which supports 
the view of its identity with cytochrome oxidase can be summarized as 
follows : 
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(а) Like oxidase is thermolabile being afTccted by temperatures 
above 52° (J. 

(б) Its oxidations and reductions can be followed spectroscopically 
within living cells by examination of band a^y (448 m/i). 

(c) It is rapidly and efficiently reduced by biological reducing systems. 

(rf) It combines I'cversibly with such substances as KCN, HgS, NaNg, 
NH2OH and CO, which are known os reversible inhibitors of oxidase 
activity and of the rt^spiration of cells. 

(e) The two bands of its compound with (X) (a,” CO) namely, a — 590 m//, 
and y — 432 m//, occupy appw)ximatcly the same [msitions as the corre- 
sponding bands in the photochemical absorption sf)0ctrum obtained by 
Warburg and his co-workors (see Warburg 1932). 

(/) Although KCN <‘ombincs both with divalent and trivalent a.,, the 
divalent a.j‘ KCN rapidly undergoes autoxidation, while the trivalent 
//g"* K()N is very stable and does not easily undergo reduction. The 
inhibition of the catalytic properties of thi.s component is therefore due to 
its stabilization in the ferric state. 

((/) The coni[)onent can bo observed not only in a hoart-musclo pre- 
paration, but also in fresh thoracic muscles of bees and other insects, in 
baker’s yeast and in aerobic bacteria. 

The view which i/lentJlics the component Ug with cytochrome oxidase 
corroborates, therefore, the results previously obtained by Warburg and 
his co-workers who have shown tliat a haematin with a definite absorption 
spectrum i)lays an essential role in cellular respiration. 

(2) Some difficulties in the identification of with cytochrome oxidase 

Although the hypothesis identifying the component 03 with cytochrome 
oxidase is supported by strong evidence, several observations have been 
made in the course of this investigation which do not appear to corroborate 
this view, liefore examining these observations in detail we can say at 
once that some of the difficulties so raised are only ap[>arcnt and may 
readily be explained. On the other liand, certain difficulties which still 
remain require further investigation before the true nature of and its 
relationshij) to cytochrome oxidase can be clefinitcly established. 

A. Oxidation of components a, 6, and c in presence of of' CO compound. 

On shaking with air a preparation containing succinic acid and treated 
with CO the components a, b and c undergo oxidation while the spectrum 
of af* CO remains still clearly visible. This experiment seems to indicate 
that the components a, h and c could not possibly be oxidized by a^ since 
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it remained combined with CO. A careful analysis of this experiment has 
convinced us now that this objection is only apparent. The absorption 
spectrum of CO which remains visible during the oxidations of the 
other components indicates only that the rate of reduction of and for- 
mation of O]," CO is faster than the rate of its oxidation. If oxidized 
is capable of oxidizing the three other components, the small amount of 
ag'", which is being constantly formed under these conditions from the 
CO compound, could easily account for the oxidation of components 
rt, b and c, even though the bands of ag*' CO remain clearly visible. 


B. Functioml relaiiomftip hetwcaii ami c. 

If the comf)oneut is the oxidase it should bo possible to demonstrate 
spectro8co[)ically its reaction with at least one of the non-autoxidizable 
cytochrome components. As cytochrome c was proved to be essential for 
the catalytic activity of the oxidase (Keilin and Hartree 1938a) a large 
amount of the divalent c** added to the muscle preparation should directly 
or indirectly reduce the component ag”’. Experimentally this |>roblem 
can only be approached by bringing together under strictly anaerobic 
conditions a heart-muscle preparation and a solution of reduced cyto- 
chrome c, both completely free from reducing substances and metabolites. 
In order to reduce cytochrome c for this purpose a strong solution of it in 
O' 1m NagiirO^ is mixed with platinum black and trcated with a current 
of hydrogen. When cytochrome e is completely reduced the platinum 
black is filtered off and the solution kept in a Thunberg tube free from 
oxygen. 

The experiment is carried out in a modified Thunberg tube provided with 
a hollow 8top|>cr and an additional rotating side bulb. The tube receives 
3 c.c. of fresh heart-muscle preparation, the hollow stopper i*eceives 
0 't 5 c.c. of reduced c (10“^m) and about I c.c. of chroraous chloride solution 
is placed in the side bulb. The tube is evacuated, washed out with purified 
nitrogen, anti shaken in order to complete the removal of oxygen. On 
spectroscopic examination the preparation shows only the faint bands of 
oxidized cytochrome. On mixing the contents of the tube with that of the 
hollow stopper, a certain portion of cytochrome c becomes oxidized by some 
traces of oxygen still present in the muscle preparation but neither the 
band aoL nor the band 7 of a -I- can be seen. The same result was obtained 
with a dilute preparation of heart muscle suspended in cane sugar and 
therefore more suitable for the study of the y-bands. Here also no traces 
of the band ay + a^y could be detected while a portion of c remained in the 
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reduced state. These experiments gave therefore no evidence supporting 
the view that cytochrome c“ can be directly or indirectly oxidized by 03“'. 

If, on the other hand, the Thunberg tube is evacuated and filled with 
pure CO the addition of reduced c to the muscle preparation induces the 
formation of the CO compound. One of the difficulties connected with 
this experiment is the tendency of Og’*’, in presence of CO, to undergo 
gradual reduction with the formation of a^' CO even without the addition 
of the reduced c. This reduction is, however, accelerated when reduced c 
is added to the preparation. 

In view of certain technical difficulties connected witli such experiments 
we cannot yet definitely exclude the possibility that divalent c’* may yet 
bo oxidized by trivaleiit aj"', though so far tlie experiments have not 
supported such a possibility. 

C. Effect of light on the (X) compound. 

Considering that tlie CO inhibition of respiration is light sensitive, the 
effect of light on nf* (X) is of special interest. In our experiments the 
spectrum of Og*’ CO is not affected even when a thin and almost transparent 
layer of our j)rcparation is exposed to a strong source of light. In this 
respect <73“ CO behaves very differently from alkaline cytochrome c or 
from pyridine haemochromogen, the CO compounds of which, when 
exposed to light, liberate the CO and revert to the corresponding haemo- 
chromogens. In the case of the haemochromogen, however, the CO 
competes not with oxygen but with [pyridine: 

Pyridine dark Vyridine 

Haem<'^ +CO ITaem<^ +l^yridine 

'^Pyri^line ^(X) 

'rho effect of light on af' CO jirobably becomes apparent only during 
the catalytic activity of in presence of oxygen which rapidly oxidizes 
the reduced thus preventing its reaction with (JO. 

D. Respiratory meduinism in absence of cyU)chrome a. 

Another interesting point to be considered is the respiratory mechanism 
of some cells devoid of cytochrome a and yet showing a strong inhibition 
by KCN as well as a light-insensitive inhibition by (JO. In these colls it is 
conceivable that one of the other components of cytochrome such as b 
or c may have an easily autoxidizable derivative with the properties and 
functions of ag and capable therefore of replacing it. Alternatively, the 
true cytochrome oxidase may bo replaced in these cells, as in cells com- 
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pletely devoid of cytochrome (spores of Bacillus aubiilis)^ by an entirely 
diflferont enzyme, e.g. a copi^er-protein compound. This would explain 
the KCN and light-insensitive CO inhibition of their respiration. 


IX, Other suppositions as to the nature of cytochrome oxidase 

Before we discuss the results of the experiments described in previous 
chapters, a few other suggestions as to the nature of cytochrome oxidase 
may be briefly considered. Thus, the oxidase might be: (1) a compound 
very similar to components a and but present in a concentration too 
low to bo seen spectroscopically, (2) a comiiound of iron and protein devoid 
of porphyrin and therefore spcctrosciopically invisible, (3) an active protein 
devoid of prosthetic group and functioning as cytochrome oxidase, (4) a 
compound of copper and protein, or (5) identical with catalase. 

The first supposition is inaccessible to experimental test and should be 
seriously considered only if all other explanations are disproved. 

The second sup[)Osition, when tested cxporimentally, gave very in- 
consistent results. The iron present in the heart-muscle preparation was 
found to belong mainly to haernatin compounds showing different degrees 
of stability. 

The third supposition would imxfly the existence of an active protein 
capable of combining with at least one cytochrome component and acti- 
vating it. On combining with component u, such a protein may form a 
complex within which this component reacts with oxygen, carbon monoxide 
and other respiratory inhibitors forming a series of derivatives spectro- 
scopically recognizable. This supposition is, however, not easily accessible 
to experimental text. 

The two remaining possibilities (4 and 5) should, however, be consideml 
hi more detail. 


A. Oxidase ami intracellular copper^protem 

The supposition that the enzyme may be a copper-protein compound is 
supported by the following considerations: 

(а) The very wide if not universal distribution of intracellular copper. 

(б) The facility with which copper salts oxidize reduced cytochrome. 

(c) The necessity of copper for development of “indophenol oxidase” 
and of cytochrome a demonstrated by culture experiments on yeast and 
feeding experiments with mice (Elvehjem 1931 ; Cohen and Elvehjem 1934; 
Yoshikawa 1937), 

(d) A certain similarity in properties between cytochrome oxidase and 
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polyj)honol oxidase which, as has recently been shown, is a copper-protein 
compound (Kubowitz 1937; Keilin and Mann 1938). 

Owing to its insolubility, attempts to fractionate and purify cytochrome 
oxidase have met with little success. So far, the highest activity reached 
for the oxidation of p-phenylenediamine in presence of an excess of cyto- 
chrome c at 38 '" C corresponds to = 1400 . This preparation contained 
0 - 0129 % of non-dialysablo copper which can be considered as a fairly 
high copper ct)ntent for an insoluble biological material. However, neither 
the activity nor the copper content have been sufficiently increased to 
permit the drawing of any definite conclusions as to the relation of the 
oxidase to a copper-protein compound. 

All the above considerations show that the possibility of the copper 
nature of cytochrome oxidase is based only on indirect evidence. Against 
this view, moreover, is the fact that the CO (!ompound of copper-protein 
enzymes is not light sensitive, while the CO poisoning of colls containing 
cytochrome a is sensitive to light. 

That cop[)er [)lay3 an active part in the formation of cytochrome oxidase 
has already been mentioned although the mechanism of such activity is 
not yet understood. 


B. Oxidme and mi<ilase 

Considering that catalase is always found in cells containing cytochrome 
and that it is present in the heart-muscle preparations it may be asked 
whether this enzyme has any connexion with cytochrome oxidase. 

At first sight such a supposition seems to be plausible, especially as it is 
well known tl)at catalase, which is a haematin compound, is affected by 
and combines with all the inhibitors which affect the oxidase reaction of 
the coll. This supposition was not, however, confirmed by further study 
of tlic problem and is shown to be untenable from the following con- 
siderations : 

(a) ('atalase may be present in a high concentration in cells, e.g. red 
blood corpuscles of mammals, which are com]iletely devoid of cytochrome 
oxidase. 

(b) Catalase, unlike the oxidase, can bo obtained in clear solution. 

(r) Unlike the oxidase, it shows groat resistance to organic solvents 
such as alcohol and chloroform which are used for its purification. 

(d) C'atalase, wliich is a methaemoglubin-like compound, cannot be 
reduced by biological systems such as succinic dehydrogenase. It remains 
in the ferric state even in the presence of strong reducers such as Na2!S204, 
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although it is easily reduced by H2O2 and reoxidizod by molecular oxygon 
(Keilin and Hartree 1938 c). 

(c) It does not oxidize reduced cytochrome c which is at once oxidized 
by the muscle preparation. 

(/) While 10~^M hydroxylamino inhibits the catalase activity of the 
muscle preparation by 95 %, it has no effect on the oxidase activity of the 
same preparation. 

All this clearly shows that catalase and cytochrome oxidase are two 
distinct intracellular catalysts. 

X. Discussion 

The study of heart-muscle preparations reveals the existence of a new 
haematin compound, in addition to the com[>onents a, h and c of 
cytochrome. The existence of this compound was not previously recognized 
because in the oxidized state its absorption bands are invisible while in 
the reduced state they coincide with the corresponding bands of the com- 
ponent a. The evidence for its existence is obtained mainly from the study 
of the effects of certain respiratory inhibitors on the absorfition 8|iectrum 
of cytochrome. As these substances produce definite modification in the 
bands of component a it appears at first sight that they react directly with 
a. Careful analysis of these reactions reveals, however, that the absorption 
bands aa and ay do not belong to the component a only but to a mixture 
of a and The effects of the respiratory inhibitors on the appearance of 
the bands of cytochrome a is not due to their reaction with a but to the 
compounds they form with 

One of the main properties of is its marked autoxidizability, and in 
this respect it differs from other components of cytochrome which are 
considered as non-autoxidizable haematin compounds. The term ‘"non- 
autoxidizable ” should not, however, be taken in too strict a sense because 
cytochrome 5, as wo have seen, is to a great extent autoxidizable, although 
the rate of its oxidation by molecular oxygen is not as rapid as that of 
or of an ordinary haem or haemochromogen. The components a and c can 
also undergo a slow autoxidation even in presence of cyanide. Further- 
more, a solution of pure cytochrome c cannot be preserved in the reduced 
state unless it is protected from oxygen. The autoxidation of a and c is, 
however, too slow to have any biological significance, while the autoxida- 
tion of 6, although slower than that of ^3, may play a certain role in 
biological oxidation reactions. 

• For reference to component and a, see footnoti\ p. 174. 
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It may be mentioned here that the property of ‘*non.-autoxidizabiUty” 
is very rare among haematin compounds. It is known only iii a few natural 
compounds such as haemoglobin, helicorubin (>pH7) and cytochrome, 
and so far has never been obtained artificially. In fact, haem and haemo- 
chrornogen compounds prepared from every ty|)e of porphyrin or com- 
bined with any nitrogenous substance, as well as the compounds obtained 
by dcnatiiration of haemoglobin and of cytochrome, are invariably aut- 
oxidizable and combine with KCN and with CO. 

The mere observation that an intracellular haematin compound is aut- 
oxidizable is, therefore, not sufficient to identify it with cytochrome oxidase. 
It must at the same time react with all the s|)ecific inhibitors and be 
influenced by all the factors which affect the oxidase reaction of the cell. 
It must also react with at least one of the non-autoxidizablo components 
of cytochrome, of which c has already been found essential for the catalytic 
activity of the oxidase (Keilin and Hartree 1938a). 

So far, the component seems to be the only intracellular substance 
which answers most, although apparently not all, of these requirements. 

In fact, the component Ug is thermolabile and is affected by all treatments 
such as drying, freezing, acetone, alcohol, acids, alkali, etc., in the same 
way and to the same degree as is the oxidase activity of the preparation. 
It is autoxidizable and can be seen to undergo oxidations and reductions 
during the catalytic oxidation of metabolitics. It forms two compounds 
with KCN : a divalent compound which is easily autoxidizable, and a tri- 
valent comj>ound which does not easily undergo redu(;tion. In the trivalont 
state it combines with HgS, NaNg and NHgOH which, like KCN, stabilize 
it and prevent its reduction. In the divalent state it combines with CO 
forming a compound with bands occupying the same positions (690 and 
432 m/i) as the corresponding bands in the photochemical absorption 
spectrum obtained by Warburg and his co-workers. The component Og is 
therefore the only intracellular haematin compound which may be respon* 
sible for this photochemical absorption spectrum. 

All this strongly supports the view of the identity of the component Ug 
with cytochrome oxidase. This conclusion is, moreover, in agreement with 
the main results obtained by Warburg who has demonstrated that a 
haematin compound, which with CO gives an absorption spectrum showing 
bands at about 690 and 432 m/t plays an essential role in cellular respiration. 
Component Og can therefor© be identified with Warburg’s respiratory or 
oxygon transporting enzyme. 

There are still, however, a few points which requu^e further consideration 
before the view identifying Og and oxidase can be definitely accepted. 
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Outstanding among them is a direct and convincing demonstration of the 
reaction between c*’ and Our failure to demonstrate this reaction 

may be due either to some unrecognized technical difficulties or perhaps 
to the fact that this reaction is more complicated than it appears and takes 
place only in presence of molecular oxygen which would reoxidize a^ as 
rapidly as it is reduced by c\ Hence the reduced could hardly be 
expected to bo visible spectroscopically. 

Two other difficulties (see p, 184) which have not yet received a satis- 
factory explanation are ( 1 ) that strong light has no effect on the spectrum 
of Og’* CO, and ( 2 ) that there exist cells, the respiration of which is ])oisoned 
by KCN and by CO, and yet they are devoid of cytochrome or of its com- 
ponent tt. 

In spite of these few points which still remain ojren for further in- 
vestigation, the view of the identity of cytochrome oxidase with a 3 seems 
to be sufficiently well founded to bo accepted as the best explanation of all 
the observed facts discussed in this paper. 

As to the relationship between components a and the invariable 
coexistence and proportionality of these two compounds, the identity of 
their haem nuclei, a certain similarity in their absorption spectra and in 
the properties of their proteins suggest that they must be intimately con- 
nected if not interconvertible. It is only by a careful study of the effects 
of various factors on what was always considered as the absorption spec- 
trum of cyto(ihrome a that the existence of was revealed. The fact that 
the main portion of the band lying at 448 m/f belongs to the reduced 
component shows that the concentration of this component within the 
cell is of the same order of magnitude as that of other components of 
cytochrome. 

If we accept now the identity of % with cytochrome oxidase, it is im- 
material whether 03 is considered as an enzyme and a, b and c as carriers, 
or whether is considered as one of the cytochrome components working 
in a catalytic chain with the other components. In fact, every component 
of cytochrome can be defined as a catalytically active conjugated protein 
with a hacmatin as its active or prosthetic group. Each of these com- 
])onents can, thorefoi'e, be considered as an oxidizing enzyme in the same 
sense as the yellow enzyme. 

It must be remembered that all the oxidizing properties of the heart- 
muscle preparations which can be measured, including the ordinary indo- 
phenol reaction, do not belong to one substance, such as Og, but are the 
results of the catalytic activity of the whole cytochrome system. 

Cytochrome components form within the cell a highly active catalytic 
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8y8tein which by utilizing molecular oxygen can easily oxidize to water 
certain hydrogen atoms in the substrate molecules activated by specific 
dehydrogenase systems. 

It is conceivable, however, that in addition to this function some of the 
cytochrome components may also act as carriers between different 
dehydrogenase systems, thus playing a part in some anaerobic oxido- 
reduction reactions taking place in aerobic cells. 


XI. Summary and conclusions 

1. Heart-muscle preparation can be obtained, exhibiting strong cyto- 
chrome oxidase and succinic dehydrogenase activities and showing not 
only the usual a- and /?-bands of components a, b and c, but also the three 
Soret or y-bands lying at 448, 432 and 416m/i. 

2. In addition to components a, b and c of cytochrome this preparation 
reveals the existence of a component Og, the bands of which are fused with 
those of a. While the main portion of the a-band (605 m//) belongs to com- 
ponent a, most of the y-band (448 m//) belongs to component The bands 
at 432 and 415 m// belong to components b and c respectively. 

3. The existence of Ug can be demonstrated also in fresh untreated 
thoracic muscles of insects, in baker’s yeast and in strictly aerobic bacteria. 

4. Component undergoes reduction under the same conditions as the 
other components of cytochrome. 

5. Like components a and 6, Og is thermolabile and very sensitive to 
organic solvents, alkali and acids. However, unlike the other components 
of cytochrome, is very easily autoxidizable, and in the reduced state 
combines with CO forming a compound which shows two absorption 
bands: a — 590 ra// and y — 432 in//. 

6. Component Og combines with KCN both in the divalent and trivalent 
states forming two different compounds, of which the former is very 
easily autoxidizable, while tlie latter is stabilized in the oxidized state and 
cannot bo easily reduced. 

7. In the trivalent state combines with HgS, NaNg, NHgOH and 
possibly with NaF and CgHgOOH, exhibiting in this respect a close 
analogy with methacmoglobin, catalase and peroxidase. 

8. The main properties of component such as its thermolability, 
autoxidation, reduction by biological systems, formation of reversible 
compounds with KCN, HgS, NaNg and NHjOH, which stabilize it in the 
trivalent state, and with CO, which stabilizes it in the divalent state, 
strongly support the view identifying this component with cytochrome 
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oxidase. The catalytic activity of this enzyme depends, however, entirely 
on co-operation with components a, 6 and c of cytochrome. 

9. Cytochrome oxidase or component may therefore be identified 
with the respiratory or oxygen-transporting enzyme of Warburg and his 
(!o-worker8, 

10. There still remain, however, a few weak points in the theory 
identifying with cytochrome oxidase. Outstanding among them is the 
failure to demonstrate a direct or indirect reduction of the oxidized com- 
ponent by addition of reduced c under strictly anaerobic conditions anti 
in complete absence of other reducing substances. 

11. The co-existence of a and their proportionality, the identity of 
their haem nuclei, the great similarity in some properties of their protein 
suggest that these two components arc very intimately connected if not 
interconvertible. 

12. The concentration of within the cell is of the same order of 
magnitude as that of any other component of cytochrome. 

13. Component b is autoxidizable but not as efficiently as Ug. It does 
not combine, however, with CO or other respiratory inhibitors. 

14. Narcotics, which in presence of biological rediuang systems inhibit 
the reduction of a, and c, inhibit, on the contrary, the oxidation of 6. 

16. Contrary to the statement by other workers it has been demon- 
strated manometrically that cytochrome c does not combine with (/O, 
within the physiological range of pH. 
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Oxygen produced by isolated chloroplasts 
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1. Introduction 

Tho Hystem concerned with the OHaimilation of carbon dioxide by the 
green plant has, under optimum conditinna, an activity comparable with 
the highest rate of cellular respiration in animals. At the moment there is, 
in the case of animals, considerable knowledge of the subcellular* chemical 
mechanisms which can be connected with respiratory activity. In tho 
green plant, on the other hand, there is still no direct indication of a single 
chemical mechanism connected with carbon assimilation. As the oxygen 
uptake of tissue preparations apart from CO2 evolution is a guide in 
searching for systems connected with respiration, so might an oxygen 
output, apart from COj absorption, indicate mechanisms characteristic of 
photosynthetic activity in the plant. The subcellular evolution of oxygen 
under illumination has been known in the case of green plants for many 
years (Spoehr 1926). Tho effect, however, was always insignificant com- 
pared with tho original photosynthetic activity of the cell. The oxygen 
could only be detected by using certain bacteria whicli show either motility 
or luminescence with traces of this gas. But to tliis method we owe the 
classical investigations of Engelmann (Spoehr 1926) who showed that in 
the living cell oxygen appeared in the neighbourhood of the illuminated 
chloroplost and the experiments on the isolated chloroplasts of Funaria 
hygrometrica by Haberlandt, who demonstrated the production of oxygon 
in light. Ewart (1896) confirmed and extended these results using other 
mosses and StdagineJla helvetica ; in a phanerogam, Fllodea, no oxygen could 
be observed to come from the isolated chloroplasts. 

The same problem was approached in a somewhat different manner by 
Molisch (1925). Tho leaves of many phanerogams were allowed to dry 

* Tho term suhcrJlular is used hero to imply a degree of organization less than that 
of the whole coll. 
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Blowly in air and finally over a dehydrating agent. This produced a stable 
preparation which, if ground up in water, would show an ©volution of 
oxygen in light which could be detected by the bacteria] methods. Moliseh 
showed that these preparations were thermolabile, indicating an enzymic 
process. Recently, the matter was taken up by Inman (1935) who con- 
firmed the experiments of Molisoh and showed also that fresh green 
extracts of many phanerogams will evolve oxygen in light, using the 
bacteria] method. Inman brought further evidence as to the enzymic 
nature of the process, and, moreover, did not consider the oxygen evolved 
to represent photosynthesis but suggested that it was duo to a limited 
store of oxygen -giving material. 

This subcellular evolution of oxygen is then the only property specific 
for green plant tissue which is at the moment open to biochemical in- 
vestigation. So far the oxygen had been detected qualitatively by two 
methods, both using bacteria. Two questions then naturally arise: can 
molecular oxygen be proved by an independent method, and can the 
activity of preparations from green tissue be measured and compared with 
the activity of the living cell? 

It happens that there is one reagent which can be used to detect and 
measure traces of oxygen with certainty in a liquid medium. This reagent 
is haemoglobin, and it has this rare proi)erty of combining with molecular 
oxygon without being oxidized by it. The absorption spectra of oxy- 
hnemoglobin and haemoglobin are very different and o\y haemoglobin 
possesses so strong an absorption of light that it can be used in a dilution 
corresponding to concentrations of oxygen from 10'® to 10'^* m. But as 
oxyhaemoglobin is a dissociable compound, the method is limited by the 
affinity of the haemoglobin for oxygen. However, it has this advantage, 
that not only can the amount of oxygon evolved be determined but also 
the pressure of oxygen obtaining in the fluid. Hoppe-Seylcr (1879) 
demonstrated the use of mammalian blood in detecting the oxygen pro- 
duced by the green plant in carbon assimilation. Observations on the 
affinity of muscle haemoglobin (Hill 1933; Theoroll 1934) oxygon 
suggested that this substance could be used as a sensitive method both for 
detecting and measuring the oxygen given off by isolated chloroplasts 
(Hill 1937). This spectroscopic method is much less sensitive than the 
bacterial methods. However, it was shown (Hill 1937) that suspensions of 
chloroplasts of many angios[>erm3 can under suitable conditions give 
measurable amounts of oxygen in light. 

The fresh suspensions of chloroplasts obtained by crushing leaves in 
sucrose solution would not, on illumination, evolve measurable amounts 
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of oxygen even in the presence of COj. But in the presence of an aqueous 
extract of acetone-treated leaf, oxygen was evolved in the light. These two 
findings substantiate the observations of the earlier workers and at the 
same time justify the contentions of Kny {1897) that the chloroplast was 
not perhaps a complete photosynthetic system in itself. 

The present paper is devoted to an examination of this oxygen-pro- 
ducing property of chloroplasts. The results obtained show that for the 
purpose of biochemical investigation the activity of chloroplasts removed 
from the cell is significant, being about one-tenth the activity of the living 
leaf. 

General procedure. The fresh leaves of a plant are crushed with a pestle 
and mortar in sucrose solution. The resulting mass is strained through 
glass-wool. The suspension of chloroplasts is then introduced into an 
evacuated Thunberg tube containing haemoglobin and desired reagents. 
The tube is then illuminated and oxygen estimated 8{)ectroscopically as 
oxyhaemoglobin. 


2. Preparation of suspensions op chuoroplasts 

AND OF MESOPHYLL CELLS 

The two species of flowering plant used in the present work were 
Stellaria media and Lamium album. Similar restdts however have been 
obtained with a variety of angiosperms. In the case of Stellaria media the 
leafy stems were picked between 9 and 10 a.m,, the leaves detached and 
soaked in tap water for 45 min. in a diffuse light. The chloroplasts were 
extracted by grinding 0*5 g. of the leaves for 1 min. with 2-5 c.c. of 10% 
sucrose in m/30 phosphate |)H 7-9. The mass was then poured into a plug 
of glass-wool in a funnel; the crushed tissue was almost completely re- 
tained while the green suspension containing most of the chloroplasts was 
collected. The suspension, 0-2-0‘6 c.c., was then at once introduced into 
an evacuated Thunberg tube containing 5 c.c. of a solution of the haemo- 
globin and other substances under investigation. All these manipulations 
were performed in diffuse daylight. The small quantity of oxygen intro- 
duced could either be removed by evacuation or allowed to remain in the 
tube and measured at the beginning of an experiment. The tube was then 
exposed to a strong light and any oxygen measured as oxyhaemoglobin 
with the spectro-colorimeter. 

In the case of Ijamium album, the leaves, treated as previously described, 
were ground with 10% sucrose containing 0-5% of sodium potassium 
tartrate (Rochelle salt). The fluid was strained through glass-wool and 
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centrifuged at 1000 r.p.m, for 6 min. The unbroken cells and some of the 
chloroplasts then remained packed at the bottom of the centrifuge tube. 
The fluid was poured off and centrifuged for 5 min. at 1800-2000 r.p.m. 
This gave a deposit of chloroplasts only. The fluid, which was still green, 
was discarded and the sediment gently stirred into a suspension with a 
little fresh sucrose solution. It was also possible to remove the unbroken 
cells completely by filtering the original fluid through a wad of absorbent 
cotton- wool pressed tight to I cm. thickness while wet. In this case also 
it was necessary to centrifuge out the plastids and resuspend them in 
fresh fluid ; the aqueous extract of Ijamium album contains tannins which 
interfere with subsequent operations. 

The chlorophyll content of a suspension of chloroplasts or mesophyll 
cells was estimated by adding 4 vol. of acetone and extracting the fluid 
with toluene. The toluene solution was then determined by the Nutting 
spectrophotometer. The value of log|Q /„// at 6760 A was taken to be 4*8 
for a 10 "^ M solution of chlorophyll in toluene {lb 4- 3 a) 1 cm. in thickness. 
The vacuum tubes used were 1*5 cm. internal diameter and the final 
concentration of chloroplasts, represented as a concentration of chloro- 
phyll was between 0*2 and 0*6 x 10'* g.mol./l. 

3. The mkahurement of oxygen evolved 

The chloroplasts were sus()ended in a liquid medium containing a known 
quantity of haemoglobin in a vacuum tube. The relative concentrations of 
haemoglobin and oxyhaemoglobin were determined in a spectro-colori- 
Tueter which has been described elsewhere (Hill 1936). This method of 
measurement was used previously for spectroscopic determination of 
oxygen dissociation curves. The presence of 0'2-0'6x 10“* m chlorophyll, 
while showing a strong band in the red, does not interfere with the part 
of the spectrum used. If a glass cell containing a suspension of chloro- 
plasts of suitable concentration is placed in the light beam illuminating 
the standard, two perfectly similar spectra can be obtained. This refine- 
ment was found, however, not sensibly to increase the accuracy. 

The muscle haemoglobin was obtained from shin beef by a method 
based on that of Theorell (1932). It was important to have a preparation 
which did not change readily to methaemoglobin, so the purification was 
not carried further than the addition of basic lead acetate, removal of the 
lead from the filtered fluid, and dialysis. 

The method woh as folio wh; 4 lb. of shin beof after freeing from fat were cut up 
and rolled in about 100 g. precipitated C'aCO, and minced. This gave an intimate 
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mixturo with the CaCOg. About 700 c.c. of distilled water were added and after 
10 inin., stirring at intt'rvala, the mass was rapidly squeozed in portions through a 
cloth. Tho fluid was mixed with about 30 g. Kiosolguhr and rapidly filtore<l through 
a layer of Kicselguhr on a large Buchner funnel. The filtrate, 700 o.c., was treated at 
once with 02 c.c. basic load acetate (B. P. Fort). After removal of the precipitate by 
filtration tho excess Pb was removed by disodium phosphate added rapidly to roach 
a pll of 7*5-8. After contnfuging, the clear fluid was dialysed against either tap or 
distilled water for 24-36 hr. This preparation has the propt^rty of keeping free from 
methaernoglobin for several days when kept at 0^* C. If, however, the first process is 
carried out too slowly or not enough lead acetate added, the preparation rapidly 
formed mcthatunoglobiii. 

The oxyhaemoglobin solution usually contained about 1*8 x 10 '^ g.atom 
of haemoglobin iron per litre. The strength of this stock solution was 
measured in the siieotrophotometor. The value of JJI at 5810 A 
was taken to bo 1*6 for a solution containing 10 ^ g.atom of haemoglobin 
iron per litre. 

Supposing at the beginning of the experiment wo have, in the vacuum 
tube, a suspension of chloroplasts in a fluid containing a known quantity 
of haemoglobin. The oxygen has been almost completely removed and the 
haemoglobin will be leas than 5 % saturated with oxygen. If, then, minute 
amounts of oxygen are addcxl to tho tube (o.g. 0*5 c.c, water saturated 
with air), the spectrum of oxyhaemoglobin will appear, and the increase 
in intensity of the absorption bands is a measure of the oxygon added to 
the licpud in the tube. 

The loss of oxygen from the liquid to tho vapour phase in the vacuum 
tube was found to bo negligible under the conditions of the experiments. 
If, however, tho tube is shaken thoroughly and continuously, 3 min. are 
required to attain equilibrium with the vapour phase. Thus it is easy to 
remove most of tlie oxygen from the liquid during an experiment without 
opening the tap to a vacuum. 

If no oxygen is added from outside, an increase in saturation of the 
haemoglobin is a measure of tho oxygen liberated from some source in the 
fluid. The aflinity of muscle haemoglobin for oxygen is so high that tlie 
concentration of free oxygen in the solution is negligible under tho con- 
ditions used. The results of illuminating chloroplasts under different 
experimental conditions arc given graphically as the percentage saturation 
of the haemoglobin with oxygen in relation to the time of illumination. 
The concentration and variety of the haemoglobin is stated, also the 
temperature and pH. From this not only can the quantity of oxygen 
liberated be calculated but also the pressure of oxygen in apparent equili- 
brium with the system at any moment. Both these quantities it is of 
importance to measure. 
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In ftg. 1 are shown curves giving the percentage saturation of the 
haemoglobin at different pressures of oxygon. A solution of haemoglobin 
containing 0-46 x 10~* g.atom8 of haemoglobin Fe jier litre represents 
1 c.mm. of oxygen per c.c. when fully saturated. The pressure of oxygen 
for half saturation of muscle haemoglobin at 20° C, pH 7-9 is O-O mm. Hg. 
For dilute human haemoglobin from blood under the same conditions, the 
corresponding oxygen pressure is 1-7 mm. Hg. It can be seen from the 
graph that the muscle haemoglobin is suitable fur detecting low pressures 
of oxygen. 



pretwure of C), in nini. Hg 

Kr!. 1. Oxygen dissociation curves of }itu*moglobins at 19'’ C and pll 8, Curve 1, 
inuBcle haemoglobin; cur\’e 2, haemoglobin from human blood. 

In order to obtain the evolution of inoasurablo amounts of oxygen a 
strong source of light was used. A concentrated beam from a projection 
lens was used and the illumination was approximately equal to that ob- 
tainable from a 1200 c.p. lamp 6 in. from the vessel. This light source was 
kept constant for all the experiments described in the present paper. 


4. Prkparation of extracts from leaves 

The chloroplasts of Lamium album or Stellaria media^ when suspended 
in solutions of sucrose, would not evolve oxygen in the light even in the 
presence of CO^. If, however, they wore suspended in a fluid pi’epared 
from an acetone powder of the leaves, oxygen was evolved in the light and 
rapidly taken up in the dark. The extracts were made as follows : 

40 g. fresh leaves of Lamium album were ground in a mortar with 
160 c.c. of acetone until the chlorophyll was dissolved. The powder was 
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filtered off and washed first with 80% acetone and finally with pure 
acetone. Then the powder was allowed to dry. 2 g. of the powder were 
stirred up with 20 c.c. of water and the fluid filtered off at once by suction 
through Kieselguhr. This extract was best kept in vacuo to avoid browning 
due to oxidation. The addition of a fresh extract of the leaf prepared in 
this way did nut form methaemoglobin when mixed with muscle haemo- 
globin. In these extracts from leaves, the property of producing oxygen 
with chloroplasts was thermolabile. In many cases only traces of iron were 
initially present and ferric salts (as shown by the reaction with aa'- 
dipyridyl and a reducer) could be removed completely without loss of 
activity. 

It was found that an extract of acetone yeast prepared in a similar way 
would yield oxygen in the presence of chloroplasts. Also an extract made 
by boiling yeast in water for a short time. In an attempt to fractionate the 
active part of the yeast extract, it appeared to bo ferric iron compounds of 
organic acids. Moreover, after a preliminary adsorption on tricaicium 
phosphate^ and liberation by oxalate, the oxygon output was nearly 
proportional to the ferric iron content as estimated by aa'-dipyridyl. Then 
it was found that ferric potassium oxalate when added to a sus[>cnsion of 
chloroplasts caused the evolution of oxygen in a quite startling manner 
on illumination. In this case the oxygen uptake due to the ferrous oxalate , 
formed was less rapid so that a much higher partial pressure of oxygen 
could be reached than with leaf extracts. 

5. ClinOROPLASTS AND KEHBIC SALTS 

When ferric potassium oxalate was added to muscle oxyhaemoglobiii 
at pH 8, no reaction took place. If now the mixture was evacuated, as 
the oxygen was removed, some methaemoglobin was formed along with 
the reduced haemoglobin. If all the oxygen was removed and the fluid 
exposed to wlntc light no further change took place. 

On the other hand, if a large excess of ferric j)otassium oxalate was 
added to methaemoglobin in the presence of oxygen and the mixture 
exposed to white light, the spectrum of oxyhaemoglobin gradually ap- 
peared. As the ferric iron became reduced photochemically at the exj^ense 
of some of the organic substances, the ferrous iron formed would then 
reduce the methaemoglobin to haemoglobin which then became oxygenated. 

The presence of oxygen therefore shifts the equilibrium of the iron 
oxalate-haemoglobin system towards more reduction of the haemoglobin, 
owing to the oxygenation of the latter. This was shown clearly by adding a 
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trace of ferrous potassium oxalate to methaemoglobin in the presence of 
air; oxyhaemoglobin was produced at once. If, however, the experiment 
was performed in vacuo, very little reduction to haemoglobin occurred. 
It also follows that ferrous potassium oxalate is oxidized more quickly by 
methaemoglobin than by oxygen. Hence the formation of methaemo- 
globin when ferric oxalate is present in vacuo does not interfere with 
measurement of molecular oxygon subsequently present. With haemo- 
globin of blood, however, there is no formation of methaemoglobin. 

If a mixture of ferric potassium oxalate and muscle haemoglobin was 
completely deprived of oxygen in the presence of chloroplasts, exposure 
to light rapidly produced oxyhaemoglobin. In the dark the oxygen was 
slowly absorbed, the system tending to api)roach the state before illumina- 
tion. If aa'-dij)yridyl was added after illumination, the red colour was 
immediately produced indicating reduction of the iron to tlio ferrous 
state. 

The percentage of the saturation of the haemoglobin was measured and 
plotted against time. 

The fluid in the vacuum tube contained : 1 c.c. of m/2 potassium oxalate, 
0*7 c.c. of water containing the necessary amount of ferric potassium 
oxalate, 1 c.c. of m/15 phosphate buffer pH 7*9 and 2 c.c, of a stock solution 
of oxyhaemoglobin. The pxygen was first removed completely and then 
0-3 c.c. of a ehloroplast suspension added through the side tube. 

Oxygen evolutions with different amounts of iron are shown in fig. 2 a. 
In Table I some figures are given showing the total amounts of oxygen 
evolved under various conditions. The evolution of oxygen is seen to be 
proportional to the ferric iron added and corresponds almost to 1 mol. of 
oxygen for 4 ferric iron atoms. If the amount of chloroplasts was varied 
the total evolution is not greatly affected, but the rate was altered (fig. 2 b 
and Table II). The amount of ferric iron added does not greatly alter the 
initial rate above 0*6 x 10'*. Below this the rate foil off (Table III). The 
initial rate with ferric oxalate is very nearly the same as with the chloro- 
f)Iast8 in presence of leaf extracts which contain no oxalate and very little 
ferric iron; this is shown in fig. 3. In Table II the initial rate of oxygen 
production is expressed in terms of molecules of oxygen produced per hour 
per molecule of chlorophyll present. This again is converted by the factor 
44/900 to the equivalent value of the photosynthetic number of Will- 
statter, represented here as Pc (Spoehr 1926). 

The effect of intensity of illumination was not studied in detail because 
the experimental conditions were not suitable. The thickness of the vessel 
being 1-6 cm., a concentration greater than 0*6 x 10~* m chlorophyll could 
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Fig. 2. ChloropUists of tSYc/^na tnedia m fornc oxalate and muscle haemoglobin. 
20" C, pH «. 

The crosses represent the theoretical saturation of the haemoglobin for equation (2) 
in ti^xt. (a) 'rhree curves corresponding to ferric iron concentrations of 0*76 x 10”^, 
1*0 X and 2*0 x 10 g.at>oins/l. ; haemoglobin 0*6 x 10'^. (6) Two curves corre- 
sponding n*8pectively to two cliloroplast concentrations 0* 17 x 10”* and 0*36 x 10”* M 
chlorophyll; ferric iron 4 x 10”*, haemoglobin 1 x 10“ *. (c) Two curves corresponding 
respectively to two chloroplast concentrations 0*15 x 10”*, 0*5 x 10”* M chlorophyll; 
ferric iron 1 x 10”*, haemoglobin 0-7 x 10”*. Curve 2 shows the effect of removing 
oxygen by evacuation and then adding an excess of feme oxalate. 
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Table I. Effbct of fbbkic oxalate and chloboplast con* 
obntbahon on total oxxobn pboduced 


Bxp. 
p. 267 

p. 255 


p. 276 
p. 271 


Concentration in g.atoms 
of iron per litre 


MtiHcto 
haemoglobin 

riOx 10 * 
>x 10 * 


Feme 

oxalate 


/lO; 

\i0) 


Total ineroaHO 
Chloroploets in % satiira- 
corroHpondmg tion of the 
to moleeular haemoglobin 
concentration during ex- Kqm valonts O 
of chlorophyll pOHiirn to light Kquivalents Fo 


ro-6x 10- 

^ O-Ox 10 

lo*6x 10- 


256 

1 1 0 X 10-* 


|0-7 

\0*7 


X 10-« 
X 10 * 


2 0 xl0-« 

0-2 xlO *t 

46 

0-92 

40 xl0-« 

0-2 xl0-*t 

75 

0-75 

0-76 X 10 ■* 

0-3 X 10 * 

22 

0-69 

10 X 10* 

0-3 X 10-* 

32 

0-76 

2 0 xlO-* 

0-3 X 10 * 

65 

0-78 

4-0 xlO-* 

0-17 X 10 * 

75 

0*75 

4-0 X 10 * 

0-35 X 10 * 

76 

0-76 

10 X 10 * 

0-3 xIO* 

45 

1-2 

2 0 X I0-* 

1 

o 

X 

6 

80 

11 

40 X 10* 

0*3 X 10 * 

82 

X 

6 


lO^x 10-* 

♦ Hlood haAunoglobin. 


t L, album. 


TaBLK II, EkKECT ok CHLOROPbAST CONCENTRATION ON 
INITIAL RATE OF OXYGEN EVOLUTION 

Omcontrution Time in 
Concentration in g.atoms of chloroplasts soc, for 


lOxp. 
p. 256 

p. 278 


of iron 

por litrt) 

as chlorophyll 

saturation 




m g.mol. 

of Hb; 

Mol. (), per hr. 

Hb 

Feme oxalate 

jwr hire 

initial rate Mol, chlorophyll F.c, 

1-0 X 10* 

40 X 10* 

0-17 X 10* 

610 

35 1-5 

l-Ox 10-* 

4-Ox I0-* 

0-35 X 10-* 

290 

35 1-5 

0-7 X 10 * 

1-0 X 10-* 

0-15 X 10* 

430 

40 1-8 

0-7 X 10-* 

1-0 X 10 * 

0-5 X I0-* 

310 

16 0-7 


Table III. Ekfeijt of fkrrk" oxalate concentration on initial 

RATE OF Oj EVOLUTION WITH CHLOROPLASTS OF aV. AfKDlA 


Kxp. 
p. 276 


p. 275 


Concentration of F<’ 


HI) 

/0-7 X 10-* 
\0-7x 10~< 

(0-7 X 10 
- 0*7x 10-* 
(0-7x 10-< 


in g.atorns por litre 


Ferric oxalatt* 

lOx 10* 

2 0 x 10-* 

0*5 X 10-* 
20 X 10 * 
6-0 X 10* 


Tnitiul rate. 
Time m sec. for 
Haturation of Hb 

200 

200 

740 

250 

320 
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not be used. At the lower concentration, 0*3 x 10~*, it was found that 
cutting off all wave-lengths shorter than 6000 A with red glass filter, 
produced no appreciable effect on the reaction. Under the conditions of 
those experiments the reaction goes as fast in red as in white light. This 
shows that chlorophyll is acting as part of the light-sensitive system and 
not the ferric oxalate. 



Fig. 3. ChloroplastH in leaf extracts and miiHclo haemoglobin. (1) StelUiria media 
plostids in extract from Larnium aUmm Hb, 0*9 x 10"*. (2) Lamium album plastids 
in extract from AyUhriscuft Hylvestria Tib, 0*9 x 10 *, I'ho crosses represent the same 
plastids in ferric oxalate 4 x 10**. (3) Stellaria media plastids in extract from Alliaria 
oJgicA-nalia Hb, 0-44 X 10 *. 

j The production of oxygen from COg in the living green plant is inhibited 
' by moderate concentrations of cyanide and hydroxylamine. It had been 
fluggested that catalase (present in almost all plant cells) was concerned 
in the liberation of oxygen, although more recently indirect evidence 
against catalase has accumulated (Emerson 1936). Hence the effect of 
substances like azide, cyanide and hydroxylamine must be determined. 
Here, however, was a difficulty ; the ferric oxalate, as has been mentioned 
earlier, reacts with muscle haemoglobin to form methaomoglobin. The 
methaemoglobin combines with azide, etc., to give compounds which are 
not easily reduced; thus the whole method of detecting and measuring 
oxygen would break down. It was found, however, that fresh diluted 
human blood about 1/60, could be mixed with dilute hydrocyanic acid 
and ferric oxalate at pH 8 in a vacuum without any immediate reaction 
taking place. While the affinity for oxygen of human blood haemoglobin 
is much less than that of muscle haemoglobin, the rate of reoxidation of 
the ferrous oxalate did not make it impossible to measure the oxygen 
evolved in light. Fig. 4 shows the effect of cyanide and azide and hydroxyl- 
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amine on the evolution of oxygen. In the case of hydroxylamine a certain 
amount of combination with methaemoglobin occurred — if this is allowed 
for, the oxygen output does not af>pear to be influenced. The same effect 
occurred with cyanide, but the experiments show a relatively small oxygen 
deficiency with two widely differing cyanwlc <ionccnt rat ions. 





Fii;. 4. Rffoct of certain inhibitors. Chloroplasts of StpXlnria media in forric oxalate, 
4x 10-*, and htiomoglobin from human blood, 1 x 10"*. 20“ C, pH 8. a. Curve, no 
ininbitor. CVossos, sodmin azide, 4x 10'* m. Circh>8, sodium fliuindc, 4x 10 * m. 
h. Curve, no inhibitor. Squart»s, H(^N, 3x10* m. I^iainonds, HOJ, 60x10 * M. 
f. Curve, no inhibitor. Crosses, hydroxylamine, 0 2x 10“* m. 


Thus the oxygen output does not seem to be influenced by substances 
which have an effect on many oxidations anil which also combine with 
catalase and with methaemoglobin. The combination wdth the last men- 
tioned w'e use as evidence, that when the oxygen output is measured 
from illuminated chloroplasts, the effect is not due to some pro|)orty of 
tile haemoglobin. 


Vol. exxvil, B. 


M 
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That hydrogen {)eroxide is not directly involved in the reaction pro- 
ducing molecular oxygon it seems safe to conclude from the above facts. 
An additional point of evidence is that a relatively high concentration 
(about 1(1“® m) of ]>eroxidaBe with the chloroplasts was without influence 
on the evolution of oxygen. (I am grateful to Professor Keilin and Dr 
Mann for a preparation of horseradish peroxidase.) 

However, it is possible that other peroxides may be involved. This is 
made unlikely by the fact that we could have a moderate concentration 
(m/2()) of thioglycollic acid present with chloroplasts and yet have no 
influence on the production of oxygen. 

When a mixture of ferric oxalate, chloroplasts, haemoglobin and thio- 
glycollic acid was illuminated, the original deep purjde colour of the ferric 
— SH complex is gradually bleached as the oxyhaemoglobin appeared, 
showing the reduction of the iron, simultaneously with the appearance of 
oxygen; at the end of the experiment the strong SH reaction was still 
obtained. 

Those facts make it seem improbable that, in this formation of molecular 
oxygen by the chloroplasts, peroxides play any significant part -at least 
we cannot demonstrate any peroxide stage, at present. 

When cytochrome r was added it was almost completely reduced while 
the oxygen was being evolved in presence of ferric oxalate, and there was 
no effect on the oxygen output. On the other hand, free haematin greatly 
diminished the output of oxygen, because it is autoxidi/able when reduced. 

Only a limited number of ferric compounds could be used as a source of 
photolytic oxygen in the experiments. Citrate and tartrate could be used 
instead of oxalate, but the evolution of oxygen was much less rapid in 
these two cases, and it was necessary to add a large excess of ferric iron. 
Ferric pyrophosj)hate or malate showed no reaction with chloroplasts. 
In many other cases, however, the iron was not in true solution as a complex 
ion and in these cases there was no reaction with the chloroplasts. Thus it 
seems probable that the reagent, such as ferric oxalate, used for producing 
an oxygen output, must have free access to the surface of the chloroplasts. 
This assumption is supported by the fact that a great dilution of the fluid 
used when the chloroplasts are removed from the cells produces no in- 
fluence on the rate of reaction with ferric oxalate. If, however, ferric 
potassium oxalate is used in the absence of excess of oxalate no reaction 
occurs with chloroplasts. There must always be an excess of the oxalate 
ion as compared with the iron present. 

A perfectly fresh suspension of chloroplasts which is free from other 
matter has a characteristic silky appearance when agitated, similar to a 
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suspension of red blood corpuscles. At this stage the ohloroplasts appear on 
examination to be similar to those in the cells. On keeping the suspension 
at 20 or at O'" C in the dark the apj>earance of the suspension soon changes, 
it becomes darker in colour and less silky on agitation. At the same time 
the chloroplasts arc seen to be losing their clear regular outlines, although 
they do not appear to be actually breaking up. Before this visible altera- 
tion is reached the susi>ension will be found to be incapable of producing 
O 2 in the light under any of the experimental conditions. But it must he 
emphasized that the property of evolving oxygen in light is not proved to 
be due only to uninjured chloroplasts for the following reasons. After 
drying the leaf (following Molisch) a slight oxygen evolution up to 0*0 mm. 
pressure of O 2 is detectable by the haemoglobin method. Owing to the 
large amount of opaque material necessary for this experiment no actual 
measurements are given at present. Again, after crushing a living leaf in 
distilled water, when most of the ])lastids are broken, this fluid, when the 
cells are removed, will behave for a short time (2 min.) like a suspension 
of intact chloroplasts. 


6. Evolution of oxygen by MBsoruYLL ('ells ok Lamujm aluvm 

The cell suspension obtained from the leaf by centrifuging (see § 1) 
contained also free chloroplasts. It was introduced into a tube containing 
haemoglobin and all the oxygen removed by evacuation. In order to 
produce a measurable output of oxygen it was necessary to add some COj . 
0*2 c.c. of a saturated solution of CO^ in air-free water was added to the 
tube through the aide arm. The rate of O 2 production per unit of chloro- 
phyll obtained by these preparations was only half that obtained from the 
chloroplasts in ferric oxalate under similar conditions. Allowing for the 
presence of inactive chloroplasts outside the cells, the active chloroplasts 
inside the cells did not greatly exceed the rate of Og production of the 
isolated chloroplasts in the ferric oxalate. Moreover, the COg remaining 
in the fluid after evacuation is shown to be very small in amount. Hence 
the oxygen evolved by the isolated chloroplasts in ferric oxalate must all 
come from the change from ferric to ferrous iron and not from (Xlg — 
as indeed is shown by the relation of the original ferric iron concentration 
and the oxygen evolved. To remove with certainty all the COg from a 
suspension of chloroplasts before they have become inactive is at present 
impossible, but this is at the moment an essential step in elucidating the 
mechanism of the formation of oxygen. The probability is, however, that 
COg does not take part in the production of oxygen from ferric salts as no 
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difference was found after attempting to remove all the COj at pH 6-8 
by evacuation, and after the addition of (X)a. 

Discussion 

The first question to decide is whether the isolated chloroplasts are 
acting in a catalytic cajiac'ity or whether they possess some store of oxygen 
which is only liberated in light. Inman (1935) considered that the oxygen 
he hod detected came from a store of oxygen-|)roducing substance. 
Kautsky (1938) points out that ferric oxalate causes decomposition of 
peroxides in light. This latter effect would be far the simplest qualitative 
explanation of the experiments where ferric oxalate is concerned. 

The reaction would be of the type 

2Fe' • ’ + K + 2H,0^2Fe- ’ + ^(OH)^ + +.2H\ ( 1 ) 

In the present experiments only half the oxygen for this reaction is ob- 
tained. It is ])ossibIe that some oxygen is lost by other oxidations; yet 
this is improbable because the oxygen/iron ratio is constant for a series of 
experiments with different initial eorujcntrations of ferric iron. 

The second inference from the experiments is that if there is a store of 
a peroxide it must he at least I/IO m in the chloroplasts, because at least 
5 mol. of Og can be liberated per molecule of chlorophyll. This large 
quantity of a peroxhle would be of groat interest if it (!OuId be detected by 
a direct method, but so far there is no evidence for it. 

The third inference from the experiments is that there is something 
which can be extracted from leaves which contains neither Fc" ‘ nor 
oxalate; this however behaves towards chloroplasts very much like ferric 
oxalate. We will therefore leave aside the question of the store of oxygen- 
giving substance and consider the chloroplast as a catalytic system. 

The conclusion, then, to be drawn from the present investigation is that 
light energy can be utilized by a subcellular system containing chlorophyll ; 
the work done can be measured in terms of the production of molecular 
oxygen an<l reduction of a ferric complex salt. 

With potassium ferric oxalate the photochemical reaction in presence 
of chloroplasts gives nearly the theoretical yield of molecular oxygon for 
the reaction 

4K3Fe(CgOj3 + 2H2() + 4K’ - 4K^Fe(C^0^):,~h4}1-i-O^. (2) 

In the dark the reaction will proceed in the reverse direction. 
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The oxidation-reduction potential of the iron oxalate system is E^II = zero 
at pH S (Michaelis and Freidheim 1931), while the potential of the oxygen 
electrode at a pressure of 1 mm. of oxygen at pH 8 would be Ell = 0-7 V. 
The reduction of the iron goes nearly to completion, but even if 00 % of 
the iron were reduced the change in free energy would be less than half 
that required for a direct reduction of carbon dioxide. However, the 
maximum energy has not been measured as no definite equilibrium could 
bo shown with ferrous and ferric iron in the system. 

A suspension of chloroplasts will also evolve oxygen under illumination 
when in presence of other ferric <;omplex salts with organic acids, and also 
from extracts of loaves that contain calcium ions and do not give reactions 
for iron salts. Thus the chloroplasts are not specific for ferric oxalate. The 
ferric oxalate could then Im) regarded sinifjly as a reagent to demonstrate 
a property of the chloroplast. This might be compared to the use of 
indophenol reagent by Keilin (1929} in measuring the activity of the oxidase 
cytochrome system in the respiration of cells. There must therefore be 
some primary substance which is reduced, while at the same time giving 
oxygen. If this primary substance is A* and the reagent such as ferric 
oxalate, represented in terms of hydrogen transport, we have the following 
reactions. 

2 yl + 2 H 20 -^ 2 ^H,-h 02 , ( 3 ) 

+ ( 4 ) 

These two reactions together will represent the typo of reaction (2). It 
must be concluded that the substance A is not easily removed from the 
chloioplasts because great dilution of the suspending fiuid did not diminish 
the rate of reaction with ferric oxalate. 

With chloroplasts alone w e obtain no oxygen either because A is present 
in sTnall amount or that a catalyst is needed to oxidize All^. But if a 
reagent is added which will recjxidize dHg sufficiently fast, Og can accumu- 
late, but this is only possible if the reduction of the reagent B is more rapid 
than the oxidation by molecular oxygen. Thus the conditions are limited 
in which it is y)OHsible to j)roduce a measurable oxygen output with the 
preparations of isolated chloroplasts. 

In the absence of a reagent B, no oxygen evolution coiild be doknited, 
that is, it would be less than 1/10 mm. of mercury pressure. COg was also 
found to exert no influence on the evolution of oxygen in the case of 
substances which could be reduced. The next most important step would 
bo to ascertain whether COg is actually the primary substance A, giving 

• This is not nooossarily tho substanco A in Kautsky’s (1937) sohomo. 
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oxygen in the experiments. This cannot be decided directly from the 
results of the present work. If, however, COj is the primary substance 
concerned with oxygen output by isolated chloroplasts, it follows directly 
from the experiments that the first product of reduction of the COj must 
be as rapidly oxidized as it is formed, and hence it could not be normal 
carbohydrate. Also it must react with ferric oxalate at great speed. 
Again, if COj is the primary substance undergoing reduction, the chloro- 
plasts must have the greater part of the photosynthetic mechanism intact. 
This last assumption is rendered unlikely by the behaviour with cyanide 
and other poisons. Thus while it is not possible to show directly that CO 2 
plays a part in this system giving oxygen, there is circumstantial evidence 
against this assumption. 

It seems then, that the isolated chloroplasts have very definite and 
peculiar catalytic pro])erties ; it is therefore of use to bring the conclusions 
into relation with the living cell. This is done, not in order to add yet 
another theory of carbon assimilation to the many existing, but in order 
to prepare ground for future experiments, concerned with the evolution 
of oxygen. 

The activity of the isolated chloroplasts measured as rate of oxygen 
output per unit of chlorophyll is only about 1/10 the activity of the leaf 
under optimum conditions. When, however, the oxygen production from 
COj of isolated mesophyll cells of Lamium album is compared with the 
oxygen production from ferric oxalate or leaf extract with isolated chloro- 
plasts of tlie same }»lant, the activity is nearly the same. Wo may therefore 
be justified in assuming that fis molecular oxygen is a jihotochemical 
product in each case, so is the isolated chloroplast behaving in part as it 
does in the intact cell. In crushed leaf tissue when all cells are broken it 
can be inferred that oxygen is actually evolved by chloroplasts in light 
but practically as readily absorbed again. For it is a matter of common 
experience that crushed green tissue will not assimilate to any measurable 
extent, even though it may show respiration. Once an assimilating coll is 
destroyed and a false balance of the systems established, even if they may 
not be inactivated, any not effect of a complex chemical reaction is likely 
to be small. When oxygen production by isolated chloroplasts is measured 
in the presence of leaf extracts the pressure of oxygen obtainable is only 
1 mm. of mercury. In the living plant the pressure of oxygen reached is 
several hundred mm. of mercury. In the dark it has been shown that the 
oxygen is taken up again when chloroplasts are suspended in leaf extract. * 
The speed of rcoxidation rapidly increases with increase in oxygen pressure ; 
thus the balance is reached under the present experimental conditions at 
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1 mm. pressure. But in the living cell the final product of reduction appears 
as carbohydrate which is but slowly broken down in respiration, hence a 
high pressure of oxygen can accumulate. 

This subcellular evolution of oxygen, then, does not represent normal 
assimilation and very probably has no direct connexion with carbon 
dioxide. Yet the activity of the system is relatively high and oxygen as a 
photochemical product is a characteristic of photosynthesis in green 
plants. 

The most suggestive view is to regard the chloroplast as containing a 
mechanism, the activity of which can be measured apart from the living 
cell, which under illumination simultaneously evolves oxygen and reduces 
some unknown substance which is not carbon dioxide. This substance is 
capable of rapid reoxidation, being the converse of reaction (3) 

2A Ha + 02”>2Ha0 -f 2/1 . (5) 

Organisms are known which can assimilate COg in the dark while oxidi^Jng 
inorganic compounds, that is, during the progress of a reaction of the typo 
of (6). Thus it is proved that COg can be reduced by living cells when free 
oxygen is present quite independently of light and chlorophyll derivatives. 
So that 1 ‘eactions (3) and (6) provide, qualitatively at least, a means of 
carbon assimilation; the net production of oxygen in the process will then 
be a function of the COg reduced. This type of process will obviously have 
a low efficiency. The substance A in the chloroplast is, however, assumed 
to be of the tyi)C of a respiratory catalyst. This mode of linking assimila- 
tion with a part of respiration may give a high efficiency at low light 
intensities. The autotrophic anaerobes, which have no possibility of carry- 
ing out reaction (6) directly, obtain their energy by a system similar to the 
green plant. The oxygen, however, never appears as such because it is 
removed by hydrogen donators in the growth medium, and when these are 
fully oxidized assimilation ceases. 

This hypothesis acknowledges the reduction of COg as being a rather 
general phenomenon in organisms independently of photosynthesis, and 
yet it can explain the nature of a similar type of pigment system in the 
green plant and in autotrophic anaerobes for utilizing radiant energy. 

Part of this work was carried out during the tenure of a Beit Memorial 
Fellowship. 1 wish to thank Sir Frederick Hopkins, O.M., Professor D. 
Keilin and Mr G. E. Briggs fur their kind help and criticism during the 
writing of this paper. 
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Summary 

1 . Haem()/?lobin has been used in a spectfoscopic method of measuring 
both the uf)pearancc and disap f>earanco of small quantities of oxygen. 

2. Cell -free suspensions of ohlorop lasts have been obtained from the 
leaves of various aiigiospernis by grinding in isotonic sucrose solutions. 

3. The observations of earlier wfirkers, that i*hloroplasts will produce 
molecular oxygen apart from the living cell, have been confirmed by an 
independent method, and the quantities of oxygen evolved under different 
conditions have been measured. 

4. The chloroplasta after removal from the colls only evolve oxygen in 
light when in the presence of extracts of leaves or certain ferric salts, and 
do not evolve oxygen from carbon dioxide. 

5. In f)articular the chloroplasts will cause a fihotored notion of ferric 
oxalate to ferrous oxalate and oxygen; the oxygen obtained corresponds to 
the injo i*educed. 

fi. The illuminated chloroplasts in the presence of leaf extracts evolved 
oxygen iqi to a pressure of 1 mm. mercury; in the presence of ferric oxalate 
a pressure of 4 mm. of mercury can be reached. 

7. It is concluded that a system can be removed from the cell of a green 
plant which will convert light energy into a measurable amount of cheniicai 
work. That molecular oxygen is produced in these circumstances, places 
the system in a category unique among other chemical systems. 
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1. Introductton 

The use of the microscope comhineil with various techni(|ue8 adapted 
to tlie histological examination of enamel has revealed many structural 
details, but nevertheless there is no generally agreed u{M)n definition of 
what is normal and what is pathological in enamel. Such being the case, 
any further information about the structure of enamel should be useful. 

.\ well-known limitation of the inicroseo])e is that by its use it is im- 
possible to resolve objects the dimensions of which are .small compared 
with the wave-length of the light employed. By the use of X-ray diffrat;- 
tion methods, however, the relative positions of the constituent atoms or 
molecules of a substance may often be determined with comparative ease. 
But as Bragg (1937) has pointed out, the projjerties of many materials 
ap[)ear to depend to a large extent on the behaviour of aggregates, the 
dimensions of which are intermediate botw(‘cn microscopic and atomic. 
It is with such submicroscopic aggregates in enamel that the present paper 
is concerned. 

Chemical analysis has shown that about 98 % by weight of human enamel 
consists of inorganic material and it is now generally recognized that this 
is present largely, if not entirely, os apatite, chiefly in the hydroxy form 
(Bowes and Murray 1935), the crystallites of which have been shown by 
the author to be arranged in a definite way and not distributed at random, 
it was found (Thewlis 1934) that the hexagonal axes of the crystallites 
tended to be parallel to one or both of two directions (known technically 
as fibre-axes and labelled (i) and (ii) respectively) which made an angle of 
about 30° with each other and wore inclined to the tooth surface. The 
majority of the crystallites were parallel to fibre-axis (i) and variations in 
the degree of perfection of orientation were noted. 

[ 211 ] 
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Later work showed that these results did not provide a complete 
description of the crystalline orientation in the enamel, and a relationship 
was sought for between the physical and biological units of the enamel 
structure, i.e. between the directions of the crystallite axes and the 
arrangement of the enamel prisms. 

Such a relationship has, in fact, been found to exist and its nature has 
been examined by X-ray diffraction and photomicrographic methods. 
From the observed results it has been found possible to describe to some 
extent the submicroscopic structure of enamel. Only human deciduous 
enamel has been studied in the present paper but it is hoped to publish 
shortly the results of investigations on the enamel of other animals. 


2. EvIDENCK of a KELATIONSHIP BETWEEN CRYSTALLITE 
DIRECTION AND PRISM ARRANGEMENT 

From the X-ray diffraction ])hotograph of a portion of enamel it is 
possible to say to what extent the axes (i.e. the hexagonal axes) of the 
crystallites lie parallel to the fibre-axis, and also to tell whether one or 
more fibre-axes are present. From the photomicrographs of the same 
portion of enamel the degree of regularity of the prism arrangement may 
be assessed. Comparison with the degree of parallelism of the crystallites 
will then show whether the arrangement of the <Tystallites is connected 
with that of the prisms. 


(a) X-ray examination 

X-ray diffraction photographs were taken of longitudinal sections of 
teeth, of thickness 0- 1-0-2 mm., and the arrangement previously described 
(Thewlis 1935) was used in which the X-ray beam passes straight through 
the tooth section at the point to be examined, a photographic plate being 
set up parallel to the section to receive the diffracted beams. A fine beam 
of X-rays was used of diameter ()*5 mm. where it struck the section. Each 
X-ray photograph was therefore due to a cylinder of enamel of height equal 
to the thickness of the section and of diameter 0-6 mm. (see fig. 1). 

In the previous work three types of enamel photograph were recognized, 
and termed A, B and C respectively. Similar ty]>e8 of photograph have 
been observed in the present investigation and their significance is briefly 
described below. 

Class A . The crystallite axes in the cylinder of enamel examined are 
fairly accurately parallel to the flbre-axis (represented in flg. 1 by the 
arrow F), being inclined to it at angles ranging from 0 to about 16 °, 



The, suhmicroscopic structure of dental enamel 213 

Class jB. Roughly half of the crystallite axes are inclined to the fibre- 
axis at angles ranging from 0 to about 15°, the rest being inclined at angles 
from 15 to 70° or more. 

Class C. The crystallite axes are inclined to the fibre-axis at angles 
ranging from 0 to well over 15°. In most cases the range is from 0 to 
about 40 or 60°, although ranges of 0-00° (corresponding to random 
orientation) have been observed. 

The different classes merge into each other and border-line cases are 
often observed. These have, however, been omitted from consideration. 


->F 


A-B = 0*6 mm., B-C = 0*l~0-2 mm., F = fibre- axis dm^ction 

Fio. 1. Diagram of a tooth sc^ction, m which the shiuled portion 
repreHents tho amount of onaiiiel exammod at one tune. 

(6) Microscopic examination 

The method finally adopted for the microscopic examination was to 
clear a tooth section in xylol and obtain from each side of the section 
photomicrographs of each ptirtion of enamel already examined by X-rays, 
i.o, two photomicrographs were taken of each piece of enamel examined 
by X-rays. A magnification of 120 diameters was employed. 

The diversity of the prism arrangement found in tho various “areas” of 
enamel was great, but for the purposes of comparison with the X-ray 
results these areas were divided into three groups according to tho degree 
of regularity of the arrangement. 

(c) Comparison of photomicrographs with X-ray photographs 

Considerations of size show that many crystallites are contained in one 
prism, so that tho prisms and crystallites are not in any sense identical. 

The width of a prism of human enamel seems to range in general from 
2 to bp approximately. The average size of tho apatite crystallites on the 
other hand, estimated from X-ray diffraction photographs, is about 0-3/i 
(Bale, Hodge and Warren 1934). A cross-section of a jjrism will therefore 
include about 50 or 100 crystallites and thus in 1// of a prism’s length there 
will be some hundreds of crystallites. 
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If, now, on comparing the photoinicTographs with the X-ray photo- 
graphs it is found that irregular prisms are associated with irregularly 
arranged crystallites (i.e, with class C photographs), and that regular 
prisms are associated with regularly arranged crystallites (class A photo- 
graphs), it may reasonably be <*oncludcd that the direction of each in- 
dividual prism bears a constant relationship to the general direction of 
the axes of its constiiuoni crystallites. 

In order to effect such a comparison twenty -four temporary teeth 
(nineteen molars and five incisors) have been examined, the number of 
enamel areas investigated being seventy-five. The result of this examina- 
tion is shown in Table I. 

The term “regular prisms” signifies that the i)risms in question are 
straight, and arc parallel within about 5 or 10". IVisms for which the 
angular variatifju is not more than about 30 or 40" aixj classed as “moder^ 
ately regular”, and these prisms may sonietinios be slightly wavy in form. 
Where the angular variation is more than about 40'' the prisms are classed 
as “irregular”. The course of such prisms is often markedly wavy and in 
extreme cases the prisms may even present a criss-cross api)earanco. As 
with the X-ray photografdis borderline cases are not infrequent, and here 
again tliey have been omitted from consideration. 

Photomicrographs showing the various kinds of prism arrangement 
are reproduced in fig. 2, Plate 2. 


Tablk I 


Arrangement of 
enamel prisms 

Regular 

Moderately rog\ilar 
Irregular 


No. of 

No. of 

photographs of chwA 

Porcoutago of 
pliotographa of class 

cxamiii(‘d 

A 

B 

0 

A 

B V 

30 

14 

14 

2 

40 

40*5 7 

33 

11 

17 

.5 

33 

52 15 

12 

0 

r> 

7 

0 

42 58 


It will be seen from Table I that regular prisms are not always associated 
with regularly arranged crystallites. On the other hand, however, no 
class A enamel is found where the prisms are irregular. There is, therefore, 
some reason for su])posing that a relationshifi may exist. Observations on 
the OTiamel of teeth other than human deciduous teeth support this, for in 
fourteen areas with irregular prisms so far examined, no class A enamel 
has been found. 

Additional support is also lent by observations made on the number of 
fibre-axes present in a given area. It has been seen above that either one 
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or two fibre-axes can occur in human enamel and Table IT gives the result 
of a comparison of the prism arrangement with the number of fibre-axes 
found in the present series of observations. The terms “single orientation” 
and “double orientation” refer to the presence of one and two fibre-axes 
respectively. 


'fABLE II 

No. of Porcentttgo of 

photographs showing photograplis showuig 



No. of 

Double 

Kinglu 

Double 

Single 

Armngf'Tnont of 

ar(Mi8 

orienta- 

orient 11 - 

oru'nta- 

orienta- 

etiarncl jirisins 

♦‘xarnined 

tion 

lion 

tion 

tion 

Regular 

29 

26 

4 

HH 

14 

Moderately regular 

33 

17 

IS 

52-5 

48 5 

Irn^giilar 

n 

4 

7 

30 

04 


It will bo seen from this table that in enamel with straight j)arallel 
[irisms there is a marked predominance of double orientation. Now, if the 
crystallite direction were connected with the prism direction, this double 
orientation which is clearly distinguished in tlio case of regular prisms, 
would tend to be masked in the case of irregular prisms owing to the ever- 
changing firisin direction (and hence crystallite direction). Consequently 
the proportion of enamel areas which appear to show single orientation 
should rise with increasing prism irregularity. Table 11 shows that there 
is a definite tendency for this to occur. 

It ap|)ears then, that the directions of the prism and its constituent 
crystallites nifiy bear a relationship to each other. The nature of this 
relationshii) will be dealt with below, but in the meantime the fact must 
not be overlooked, that regular prisms are sometimes associated with an 
irregular arrangement of crystallites. 


3. Thk nature of the relationship 

If the direction of a prism bears a constant relationship to the general 
direction of the axes of its constituent crystallites then, in areas where the 
prisms are straight and parallel or nearly so, the angle bctw'con the jmsm 
direction and the fibre-axis will have a constant value. 

This angle has been measured in the case of tw'enty-eight such areas, 
taken from six teeth, and as will be seen below, a fairly constant value 
was, in fact, obtained. 
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(a) Experimental method 

As already mentioned one X>ray photograph and two photomicrographs 
were taken of each enamel area examined. The position of the tooth section 
relative to the X-ray plate was obtained from a photograph of the tooth in 
position on the X-ray camera, the X-ray beam being replaced by a beam 
of light for this purpose. The position of the tooth section relative to the 
})hotomicrograph was also obtained in each case so that, in effect, the 
position of the X-ray i)late and hence of the fibre-axis, relative to the 
photomicrograph, was known. 

The average prism direction in both photomicrographs of each enamel 
area was determined from measurements in eight places and the angle 
between this direction and that of the fibre-axis was thereby obtained. In 
some cases where double orientation occurred the position of the second 
fibre-axis, i.e. that wliich usually corresponds to a minority of crystallites, 
could not bo determined with certainty, and in these cases no value for 
the angle between prism direction and second fibre-axis was obtained. 

(6) Resnlts 

The values of the angle between the prism direction and the fibre-axis, 
obtained from the above measurements, arc given in Table III in which 
they are grouped according to their magnitudes. 


Table 111 


Values of angle tK'tween jirisin (iiivotion and 


Fibre -axis (i) 

-2 
1 , 1 , 1 
2 , 2.2 

3 

4 

6 , 6 , 6 , 0 , 6 

7 . 7 , 7 , 7 


Fibrc-axis (ii) 

31 “ 

35 

38 , 38 , 38 
39 

40 , 40 

44 

45 


10 

12 , 12 
13 , 13 
21 


Neglecting the value of 21*", noted in column 1 of this table, which will 
be considered later, it can be seen that the two sets of measurements are 
grouped fairly closely about the mean values of 0 and 39°. It may there- 
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fore bo said that the prism direction makes angles, of approximately 5 
and 40® with the directions of fibre-axes (i) and (ii) respectively. 

The fibre-axes are found in all but two cases to point to that side of the 
prism remote from the ti[) of the nearest cusp, the direction being taken 
away from the tooth, as shown in fig. 3. The values corresponding to these 
two cases are given negative signs in Table III. 



Fir*. 3. Dia^niin of a tooth section showing the relationships of the pri.sin and fibre- 
axis directions to eacli other and to the tooth. P=iirisrn direction, Fj = direction of 
fibre-axis (i), F,-dir(wtion of fibre-axis (ii). 


The occurrence of a value of 21® may now be understood, for if fibre- 
axes (i) and (ii) were both present, with an equal number of crystallites 
parallel to each axis, and if, as often hap|)ens, the X-ray reflexions due to 
the two sets of crystallites overlapped, then an X-ray photograph corre- 
sponding apparently to single orientation would be obtained. The angle 
between the fibre-axis and prism direction would then appear to be the 
moan of 5 and 40®, i.e. 22*5°. Presumably this is what has happened in 
the present case. 


4. ThK SfJBMICROSCOPIC STRUCTURK OF KNAMEb 

(tt) The nature of the interprisrnatic substance 

The intcrprismatic substance cannot be examined directly by X-raya 
since all the material in the path of the X-ray beam contributes to the 
X-ray photograph. It is, however, generally recognized to be mostly 
inorganic in character, and Keil (1936) has shown that it is optically 
birefrigent and crystalline. 
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If a type of orientation wore present in the intorprismatic substance 
which did not exist in the prism material, then a corresponding fibre-axis 
would be observed on all the X-ray photographs. Two fibre-axes have 
indeed been Tioted and the possibility therefore arises that one of them is* 
associated with the interprismatic substance ami the other with the prism 
material. In this case, however, the two groups of crystallites corre- 
sponding to the two fibre-axes would be present in ap])roximately constant 
proportions, whereas in actual fact the 40" group is sometimes entirely 
absent and is sometimes present to the same extent as the 6 ® group. 

Consequently it may bo concluded that no type of orientation is present 
in the interprismatic substance which is not also present in the prism 
material. The degree of perfection of the orientation is, of course, not 
necessarily the same in the interprismatic substance as in the prism 
material, and the relative extent to which the 5 arul 40" groups arc present 
in the two eases may likewise not be identical. 

(/>) The crystallite arrangement 

(i) The mture of the arrangement within the prism. From observations 
on areas with regular prisms (see Table 11) it appears that tw’o groups of 
crystallites are generally present in a given area of enamel, although some- 
times only one group is found. The presence of these two groujis may per- 
liaps l>o regarded as usual in human deciduous enamel, since as stated 
above, the double orientation is masked when the prisms are not regular. 

It is not possible to say at once whether the tw'o sets of crystallites occur 
in one prism or whether each prism contains crystallites oriented in one 
direction ordy. Whatever factor it is, however, which afi'ects the way in 
which the crystallites are laid down to form a ])rism, it is not unreasonable 
to assume that neighbouring prisms are afiected in the same way. More- 
over, W. J. Schmidt ( 1937 ) has published a photomicnigraph of the enamel 
of an elephant’s tooth, taken wdth polarized light, which seems to show^ 
that in this case at all events two different arrangements are present in the 
same prism.* Further, a series of X-ray photographs, taken along the same 
set of prisms from the amelo-dentinal junction outw^ards, shows that the 
type of orientation sometimes changes (o.g. from single to double) even 
though the f)ri 8 m arrangement remains the same. Unless it is possible for 

* W. J. Schmidt and his pupils A. Keil and M. Hordors-Steinhauser have examined 
teeth cxtt-iiHively by tlie polarizing microscope. Their results, soimi of which have 
been r(»iKiat«‘d by the author, are consistent with the X-ray results given in the 
present communication and may be explained by them in some cases. It is proposed 
to deal With this us|)ect of the work in a future paper. 
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Proc. Hoy. ml. 127, Plate 2 



c 

KitJ, 2. IMiotoniK'jugiuphs slujuiug the various kiiifls of piihiii «ii rungomont ( x 120)* 
(a) rogular, (6) moderately regular, (c) irregular. 


{Fncina n. ‘J18) 
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the two groups of crystallites to be present in the same prism it is difficult 
to see how such a change can be accounted for. 

Consequently it may be assumed that the two groups of crystallites are 
in fact contained within a single prism. 

(ii) The degree of perfection of the arrangement. It might have been 
thought that the interprismatic substance could account in some way for 
the observed variations of crystalline arrangement, but consideration shows 
that this is not likely. An estimate of the amount of interprismatic sub- 
stance present in enamel, made from measurements of the relative areas 
of interprismatic substance and prism in photomicrographs of transverse 
sections, gave a value of not more than about 25% by volume, and 
variations of crystalline arrangement which are restricted to this amount 
of material are not capable of explaining the wide differences observed. 

Owing to the relatively small amount of interprismatic substance 
present, nothing can be said regarding the perfection of the crystalline 
arrangement in this substance, but from the observations recorded in 
Table I some information may bo gained about the arrangement of the 
crystallites within the prisms. 

It will be seen from Table I that X-ray diffraction photographs of class 
A, B and C are obtained from areas with regular or moderately regular 
prisms, whereas only photographs of classes B and C are obtained from 
areas with irregular prisms. 

The presence of class A enamel in areas with regular or moderately 
regular prisms is what would be expected if, throughout such areas, the 
average crystallite direction within each prism made a fairly constant angle 
with the prism direction, the degree of perfection of orientation being high. 
The presence sometimes of class B or even of class C enamel in similar 
areas might arise from one of two causes. Either the degree of perfection 
of orientation may vary within individual i)ri8ms or the average direction 
of the crystallites may vary from prism to prism. 

A series of X-ray photographs taken, as before, from the amelo-dcntinal 
junction outwards, shows that the class of enamel sometimes changes even 
though the prism arrangement remains the same. If the degree of perfec- 
tion of orientation within individual prisms were not capable of alteration 
along the length of the prism such a change in enamel class would be 
difficult to explain. It may therefore be assumed that the degree of per- 
fection of orientation does vary within individual prisms for the cases in 
question. 

The relationship between prism and crystallite direction previously 
discussed will account for areas with irregular prisms giving rise to class C 
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photographs. The irregularity of the prism arrangement will cause an 
apparent low degree of perfection of orientation whether the degree of 
perfection in individual prisms is, in fact, high or low. The obtaining of 
class B photograj)hs from such areas might mean that in these cases the 
degree of perfection of orientation in individual prisms is good and that an 
appreciable number of the prisms lie in some part of tlieir course parallel 
to the same direction. 


(c) Discussion of the siruclurt 

It has been concluded above that the apatite crystallites of which enamel 
is largely composed are so arranged within individual prisms that their 
hexagonal axes may make, on the average, angles of 6 and 40'' with the 
prism direction. Sometimes the 40^" group of crystallites is entirely absent 
but usually both grou|)s are present, the 5° group ])redomiiiating. 

It has also been seen that the type of arrangement of the crystallites in 
the interprismatic substance appears to be the same as that in the prisms, 
the two groups of crystallites being, however, not necessai’ily present in 
the same proportions in the tw'o cases. 

It has been found too that the degree of perfection of the arrangement 
may vary within individucal prisms (nothing can he said about the 
interprismatic substance) tlius giving rise to the three types of X-ray 
photograph obtained, and it may bo of interest to represent the results 
diagrammatically. * 

Fig. 4 illustrates the structure of a piece of class A enamel with double 
orientation of the most usual typo. 

Two prisms with their organic sheaths and the interprismatic substance 
are drawn. The organic sheath has been cut away from one prism so as to 
reveal the arrangement of the crystallites, wliich are represented in the 
figure by short lines signifying the crystallite axes. These lines are arranged 
in rows, in order the more easily to illustrate the relative numbers belonging 
to the 6 and 40'' grouj)s. This is, of course, diagrammatic, the actual 
positions of the crystallites, as distinct from tlieir directions, not being 
known. 

Fig. 5 illustrates diagrammatically the structure of a section of one of 
the enamel prisms represented in fig. 4, the section being taken through 
the middle of the prism, and as before only the axes of the crystallites are 
shown. The structures of the prisms in class B and C enamel are represented 
in a similar fashion in figs. 0 and 7 respectively. 

It has been noted above that the presence of a high degree of perfection 
of orientation or of double orientation within individual prisms is masked 
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FT<i. 4. Diagram illiistTating tho HubtiiicnMcojiio Htructure of eniuTK'l. 
The orystallitci axon un‘ n'pri*s(»iitotl by short hrn*s. 



Fia. 5 






Fic. 0 



Fid, a. Diagram showing tlu* arrangomont of crystnllit<?s in a prism of doss A 
onamel. 


Fro. 0. Diagram allowing fcht' urrangeinont of rrystalhtoa in a class 13 prism. 
Flo. 7. Diagram showing tho arrangement of crystallites in a class C prism. 


IS-* 
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when the prism arrangement is irregular. Consequently the fact of ob- 
taining a class B or C photograph or a photograph showing single orienta- 
tion does not give any useful information about the subinicroscopic 
structure of the enamel unless the corresjwmding prism arrangement is also 
known. Where this is known, however, the types of structural variation 
discussed above may well prove to be of significance, especially if con- 
sidered together with the results of other methods of X-ray examination 
and with chemical, lustological and clinical evidence. 

As mentioned earlier, work is proceeding on the structure of the enamel 
of teeth other than human, and it may be of interest to note that the 
general arrangement of crystallites in this enamel appears to be similar to 
that in human enamel. Similar variations in the degree of perfection of 
crystallite orientation occur, but the results so far obtained suggest that 
the actual relationship between crystallite direction and prism direction 
is not quite the same in different animals. 

The above work forms part of an investigation being earned out on 
behalf of the Dental Disease (^ommitteo of the Medical Research Council, 
to which the author is indebted for permission to j)ublish. 

He is also indebted to Lady Mcllanby find Mr D. H. Payne, her technical 
assistant, who sufiplied and prepared the si)ecimonH, to Professor W. L. 
Bragg for helpful discussion, to Dr (J. W. C. Kaye for his interest and to 
Mr J. A. O. Smith who prepared all the })hotomicrograph8 and otherwise 
assisted in the experimental work. 


5. Summary 

From observations made on photomicrographs and X-ray diffraction 
])hotographs of human deciduous enamel, the siibmicrosco])ic structure of 
such enamel has been studied. 

It has been found that each enamel prism is composed of a multitude of 
crystallittss of apatite which may be divided into two groijj)S, so arranged 
tliat their hexagonal axes tend to make definite angles with the direction 
of the ])rism. The values of these angles are apj)roximately 6 and 40° and 
the crystallite axes are inclined so as to point to that side of the X)rism 
remote from the nearest cusp, the directions being taken away from the 
tooth. 

In general both the above groups of crystallites are present in the prism, 
with the 5° group x^rudoiniiiant, although occasionally both groups are 
equally represented. Sometimes, however, the 40° group is entirely 
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absent. In some cases variations in the degree of perfection of the crystal- 
line orientation within individual prisms may occur, thereby giving rise to 
the three ty|)es of X-ray photograph observed. In other cases these 
different types of photograph may be due to variations in [)rism regularity. 

The interprismatic substance, like the prism material, usually contains 
the 5 and 40^ groups of apatite crystallites, but nothing can be said as 
regards the variation in degree of perfection of the crystalline orientation. 

The submicroscopic structure of enamel in certain cases has been 
discussed and illustrated diagrammatically. 
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The effect of X-rays on the glucose and hexosc- 
phosphate glycolysis of tumour tissue 

By Barbara Euzabktu Holmks, Ph.D. 

From the Biochemical Tjahoratory, Cambridge, and the Stranyeways 
Research laboratory, Cambridge 

{Communicatedby Sir Frederick lfopkins,F.R.S, — Received \2 December 1938) 

The clinical approach to questions concerning the effect of X- and 7- rays 
on cells has, of necessity, been highly empirical. By methods of trial and 
error, in fact by experience, it has been found that certain tissues are 
more easily injured by radiation than others, certain types of tumour more 
res|>onsivo than others to treatment by irradiation. 

The experiments described here and in previous papers (Holmes 1933, 
193s) on tlie effects of irradiation upon cell metabolism have also been 
conducted on empirical lines. They represent simply an attempt to carry 
the work done by others on the lethal effect of the rays one step further 
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and to describe this effect in terms of cell motabolistn. The possibility 
that detectable differences in the metabolism of different tissue May 
account for their variability in rt^sponse to radiation must also be con- 
sidered, and such experiments may eventually provide the data necessary 
for investigating this possibility. 

Work which has already been published suggests that there is con- 
siderable selectivity in the action of X- and y-rays on metabolic processes 
and not the general destruction of tissue which might have been expected 
from earlier views on the subject. For instance it was shown by Crabtree 
(1932) that irradiation by jj- and y-rays from radium at 37 "^ C caused a 
diminution of tissue respiration in doses whi('h were too small to effect the 
anaerobic glycolysis. I showed (Holmes 1933) that the breakdown of 
glucose by tissue cultures is inhibited by doses of y-radiation which have 
no effect on urea and ammonia production and no effect, during the 
conduct of tlie experiment, on the movements of the colls in the culture. 

I suggested that if the oxidative breakdown of glucose wcT*e inhibited, the 
tissue might still be able to rely on the oxidaf ioii of protein for its energy 
supply. Crabtree (1936) found that fhe inhibition of ammonia formation 
in tissue slices which is caused by the pi*esence of glucose in the medium, 
is removed by /?- and y-rays, so that, in the presence of glucose, irradiated 
tissue slices actually y)roduce more ammonia than the non-irradiated. The 
exjieriments to bo described in the j»resent pa}>er give further instances of 
this selectivity. 

Histological work has given instances of selective destruction in so far 
as it seems to be fairly generally agreed that the mitochondria are the first 
structures to show injury. As an example of extreme insensitivity, on the 
other hand, thei‘e is an excellent example in the purine containing sub- 
stance with characteristic yellow fluorescence found by Dr W. Jacobson 
(personal communication — to be published shortly) in certain cells in the 
pylorus and duodenum. This substance is unchanged by colossal doses 
(amounting to some 2 million r. units). 

One consideration must bo borne in mind. It is plain that the selectivity 
may sometimes be more apparent than real. We may imagine that some 
enzyme systems are seldom working to capacity and that some molecules 
are usually present in excess of requirement, whereas others constitute the 
limiting factors of the respiratory or fermentative processes wo are studying. 
In such cases a given dose of X-rays may appear to have a selective action 
on the limiting substance or enzyme systems, when, in fact, the action is 
more evenly distributed. 

Interesting work carried out by Mitchell and Allsopp (Mitchell 1937) on 
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the ultra-violet irradiation of glycyl-tyrosine showed that the compound 
undergoes a series of reactions involving formation of dihydroxyphonyl 
compounds. A late step is the breaking of the peptide link and the libera- 
tion of glycine. They considered that similar reactions occurred in the 
protein molecule; thus it might be expected that actual break-up of a 
protein molecule into smaller fragments might be a late step occurring 
after a considerable dose of irradiation hod been given. It is not known 
whether the results of y- and X-radiation would be the same, but it is 
known from Crabtree’s (1932) work with preparations of succin-oxidase 
and my own (unpublished) observations nn purified preparations of 
peroxidase that these enzymes are relatively insensitive to X- and y- 
radiation, so that, as far as we can judge, fragmentation of these protein 
molecules is not easily brought about by irradiation. The results presented 
in Table III perhaps affonl further evidence for this. 

Some mention must be made of the work which has been carried out on 
the irradiation of simpler chemical substances in aqueous solution, (’olwell 
(1932) showed that /?-rays caused the reduction of Fehling’s solution, and 
the redwiion of arpieous solutions of methylene blue and nitrates including 
ammoniacal silver nitrate. A great deal of work has been clone by Fricke 
(1935a, 6, c, d) who has studied the oxvlation of ferrocyanide, nitrite, 
arsenite and selenite, the doeomposition of H2O2 and many other reactions 
brought about by X-rays. Fricke is of tlie opinion that such reactions are 
brought about by the activation of water molecules by the irradiation 
(see Fricke 19356, c, d) and subsequent reaction of the activated water 
molecules with the coini)ound in solution; hydrogen peroxide is frequently 
produced but not when pure water alone is irradiated. Ho points out that 
the amount of nitrite oxidized is independent of the concentration of 
nitrite in concentrations from 0 * 05 -100 millimoles per 1000 c.c. (Iray 
(personal communication, for which I am grateful) has obtained similar 
results when studying the reduction of methylene blue by X-rays, so that 
this also seems to depend on the activation of water molecules in the first 
place. It is plain that in concentrated solutions or solutions of largo 
molecules where the possibility of direct hits on the molc(;ules is greater, 
more attention must bo paid to the probable eflect of direct hits, whereas 
in dilute solutions the activation of the water may be the chief factor. It 
is easy to see that this idea of water activation is extremely important 
when the events following X-radiation of tissues are being considered. 
It must be pointed out however that changes can still be brought about 
when substances are not in solution, although the dosage required may bo 
greater. 
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Thus Becker (1933) showed that if oxy-i)rolme was irradiated by X-rays 
he obtained a substance giving a marked absorption band in the ultra- 
violet. He irradiated the oxy-proline in solution, in the solid state in the 
presence of oxygen and in the solid state in the absence of oxygon, and 
obtained this same substance in all conditions. When the irradiation was 
carried out in solution the absorption was in()re marked, and a further band 
developed, suggesting that the reactions had proceeded more quickly. It 
is e8])ecially interesting to note that if proline was used instead of oxy- 
proline the reaction was apparently much slower since the absorption was 
never so marked, and one of the typi<;al bands was never obtained. 

Spicer (1935) showed that reduction of feme chloride by a-particles 
occurred when the salt was in aqueous solution, in dry ethereal solution 
and in solid form. The reduction, by the doses of //- and y-rays employed by 
him, did not occur in aqueous solutions but did in anhydrous ethereal 
solutions. Here the possibility must be considered that tlic molcc:ules of 
the other were first activated and that these brought about the reduction. 

We cannot assume that all the observed f^lionomena are brought about 
by activated water or other solvent though there is evidence that some of 
them are. In tissue cells, w'hicli contain about 20% solid matter, it is 
likely tliat we shall have to consider reactions brought about through 
activated water and also some which arc the result of direct irradiation of 
the solids. 

The biological work would gain enormously in intei-est if w'O could relate 
it with work on simpler systems. 1'his is not easy, as we must suppose 
that the physical condition of molecules inside the living cell is likely to 
affect their ros])onse to irradiation. Thus they may bo exposed to the action 
of activated water or protec'ted from it by their position in the cell, they 
may be free in solution or attached to other large moIecMiles, they may 
possibly be induced by enzyme systems to break down in an unexpected 
manner as a result of absorbing energy from irradiation. 

Wo have already some evidence that the physical conditions under 
whicli irratliation of tissiu^s is (‘arried out affect the results. For instance 
Crabtree (1935) has shown that if irradiation (/f- and y-rays from radium) 
is carried out at 37 ° C, the resjwratiori of the tissue is first affected (though 
sometimes only by large doses) while the anaerobic glucose breakdown is 
unaltered. If, however, the irradiation is (mrried out between 0 and 10° C 
the anaerobic glycolysis becomes much more sensitive and is strongly 
inhibited by doses which leave the respiration unaltered; the respiration 
is much less sensitive to irradiation when the temperature is low. 

Crabtree and Cramer (1934) have also shown that the susceptibility of 
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tumour cells to irradiation is affected by temperature and by the presence 
or absence of oxygen (as well as by the presence of chemical substances 
such as cyanide, fluoride and iodoacetate, which have a marked effect on 
cell metabolism). 

It has long been believed that rapidly proliferating tissues are more 
susceptible to irradiation than those in a “ vegetative state. Tansley , Spear 
and Olucksmann (1937) have shown that cells irradiated shortly before 
division are likely to break down subsequently when mitosis is attempted. 
This may be because division is a process requiring f)eculiar metabolio 
activity or a special alteration in the physical state of protein molecules 
which an irradiated cell cannot accomplish, or it may bo that the re- 
arrangement of cell contents and the alteration of the physical state of the 
protein molecules which we know occur during mitosis are responsible for 
the varying degrees of sensitivity to irradiation. Such problems will 
become more approachable when w^e know' more of the metabolic activities 
accompanying mitosis. 

To consider simpler problems first, it is of obvious interest to irradiate 
extracted or partly purified enzymes and co-enzymes and to compare their 
susceptibility in this state with their susceptibility in the living cell. By 
doing this w'e can make a first step in the direction of deciding to what 
extent the observations made on the effects of irradiation of substances in 
solution can be a[)plied in the understanding of its effects on cells. 

In the w'ork described here the w'hole tumour tissue is irradiated, and 
the glycolysis measured afterwards in the chopf)cd tissue Fortunately, it 
is equally easy to make extracts of the tumour tissue and irradiate them 
and carry out the same measurements on these extracts. This will form the 
subject of a later communication. 

The X-ray dosage used in these experiments is very large ( 70,000 r. units 
approx.), hut the changes in metabolism investigated are immediate 
change^. It is well known that the dose recpiired to produce immediate 
death of tissue cultures is also very large, and very much greater than that 
required to produce a delayed lethal effect (see Spear 1930). 1 have not, 
therefore, concerned myself as yet w ith the relation of tlie dosage requii-ed 
to produce death and tlie dosage required to produce metabolic changes 
b!it in later work attempts w'ill be made to ])rodiice delayed metabolic 
effects by smaller doses. A comparable dose of y-racliatJon used in earlier 
work (Holmes 1933) undoubtedly produced an inhibition of carbohydrate 
broakdow'n without noticeably altering the appearance of the cells or the 
activity of their movements in tlie cultures (these were not dividing cells). 
It is also very interesting to learn that (Jrabtree in collaboration with Gray 
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(1939) has found that the glycolysis of retina is extremely sensitive to 
irradiation. 


Experimkntal 

Crabtree (1935) showed tliat anaerobic glycolysis in various tissues can 
be inhibited by p- and y-rays much more readily at 0-10” C than at higher 
temperatures. Irradiation at 0” C has the further advantage that the low 
temperature delays degenerative changes in the tissue. These experiments, 
which were intended as a more detailed investigation of the effects of X- 
and y-rays on glycolysis, were therefore carried out at 0” G. The particular 
problem was to decide whether the glycolysis of the hexosophosphates was 
affected by the irradiation to the same extent as glucose glycolysis. 

Two or three exjieriments weie done with the help of Dr Crabtree and with 
his apparatus at the laboratories of the Imperial Cancer Research Fund in 
order that his conditions might be exactly repeated. As I had previously 
found (Holmes 1937) that tumour brtu but not tumour slices could glycolyse 
hexosediphosphate, brei was used in these experiments instead of slices. 
The amount of brei which could be used was small, and after the necessary 
4 hr. keeping in the ice-chest, the glycolysis, even in the controls, was 
small. 

The Crocker tumour was used, and as explained in the earlier paper 
(Holmes 1937), this tumour loses its power to produce lactic acid from 
hexosediphosphate after it has been kept for some hours in the ice-chest, 
but if pyruvate is added lactic acid is formed once more (confirmed by 
chemical estimation). This shows that the tissue still forms triosephosphate 
from hexosediphosphate and can still bring about the disinuiation between 
triosephosphate and pyruvate with the resulting formation of lactic acid. 
It was thus necessary to odd pyruvate in this first experiment; adenylic 
acid and coenzyme I were added as usual (Holmes 1937, following the 
suggestion of Boyland). For details of the radium containers and irradia- 
tion apparatus Crabtree’s paper (1935) should be consulted ; p- and y-rays 
from the radium are employed. The apparatus was cooled before the tissue 
was put in and kept in the ice-chest during the irradiation. The control 
tissue was also kept in the ice-chest (the radium being, of course, well sur- 
rounded by lead). After 4 hr. manometric measurements wore made of 
acid production by the tissues, and comparison made between the acid 
production in glucose and that in hexosediphosphate in the presence of 
P3rruvat>o, coenzyme I and adenylic acid. It was plain that a dose of >?- 
and y-radiation which was sufficient to cause at least a 60% inhibition of 
glucose glycolysis had no effect on the lactic acid formation from hexose- 
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diphosphate. From these first experiments it appeared that at least the 
enzymes concerned in the formation of triosephosphato and its dismuta- 
tion with pyruvate to form lactic acid are relatively insusceptible to 
irradiation. It was obviously necessary to carry the investigation further, 
using more and, if possible, more active tissue. Tumour 113 (the “glycogen 
tumour”) was found to be far more suitable than the Oocker for this 
purpose since it can form lactic acid from hexosephosphate actively 
without the addition of pyruvate, even after several hours’ keeping in the 
ice-chest. I am grateful to Dr Cramer for suggesting the use of this 
tumour. 

The irradiation was carried out at the Strangeways Laboratory. The 
tissue, in small stoppered glass bottles, was immersed in ice and water and 
at a distance of 10*5 cm. from the target of the X-ray tube. Except for 
0-05 cm. copper in the tube itself no screening was used, and the dose 
received was about 710 r. units per min. allowing for the small amount of 
absorption by the glass of the bottles. The X-ray tube was running at 
150 kV constant potential, 7 rnA. One and a half hours was found to be 
sufficient to cause a 50% or greater inhibition of lactic acid formation 
from glucose when tested later in a Warburg manometer, and this dosage 
was subsequently used. The control tissue was also kept in ice and water. 
The tumour to be irradiated wa.s removed from the animal and divided 
into two fairly equal portions, care being taken to divide “healthy” tissue 
and any necrotic tissue as far as possible equally between the two. One 
portion was irradiated and the other kept as control. After irradiation, the 
necrotic tissue of both portions was removed as far as possible and the 
live tissue chopped in cooled dishes and measured with a cooled tissue 
syringe into the manometer flasks. The measurements were made by 
Warburg’s method and were carried out in a bicarbonate buffer in an 
atmosphere of Ng + 5 % COg in Warburg manometers. The amount of acid 
formed was measured in terms of the COg evolved. 

These experiments made it clear that a dose sufficient to inhibit glucose 
glycolysis had a much smaller effect on hexosediphosphato glycolysis. The 
effect on glucose glycolysis became increasingly marked during the course 
of the manomotric experiments (see fig. 1 ), (indicating that lapse of time 
was necessary before the full effect of the dose was demonstrable). In this 
[>articular tumour, unlike others that have been tried, the glucose break- 
down after a few hours was feeble and the hexosephosphate breakdown 
still active. The inhibition of glucose breakdown by the irradiation was 
quite evident in spite of this. 

After it had been found that the hoxosediphosphate breakdown was 
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relatively insusceptible to and also to X-rays, experiments were 

carried out with hexosemonophosphate (Embden ester). 

In this case also it was found that the same dose of X-rays had a small 
or no eflFect on hexosemonophosphate glycolysis, thus showing that the 
process of phosphorylating the monophosphate (Embden eater) to form 
diphosphate as well as the steps occurring subsequently during the break- 
down of diphosphate to lactic acid are not alFected by a dose of X-radiation 
sufficient to have a marked inhibitory effect on glucose glycolysis. 



Fig. I represents an experiment carried out with hexosemonophosphate 
and glucose. In this particular case the irradiated tissue showed a larger 
hoxosephosphato breakdown than the control tissue, but this is not usual 
and cannot be regarded as significant. The rate of glucose glycolysis 
towards the end of the experiment illustrated is practically nil and hardly 
exceeds the acid production expected in the absence of glucose. 

The fact that the acid produced from the hexosephosphates was actually 
lactic acid was confirmed, on several occasions, by chemical estimation of 
lactic acid at the end of the experiment; examples are given in Table I. 
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These figures represent the total amount of lactic acid present at the 
end of the experiment; owing to shortage of tissue initial values could not 
be obtained. Another series of experiments was therefore carried out in 
which the initial values were estimated and subtracted. These experiments 
are summarized in Table II; the lactic acid values given represent the 
amount of the acid formed during the experiment. It can be seen that the 
chemical estimations entirely confirm the manometric and demonstrate 
the inhibition of glucose glycolysis (sometimes practically complete) by 
X-rays and the relative stability of hexosephosphato glycolysis. 

It should he pointed out that small-sized Warburgs (total volume 
6-7 c.c.) are used, and that the glycolysis figures, though small, represent 
largo excursions on these manometers. 

The Q CO 2 nomenclature is not used in Table II. Since brei was used 
and not tissue slices, and since the brei had been kept at 0^^ C for some time 
and must always have included some necrotic tissue from the tumour, 
it is felt that use of the conventional nomenclature would not be helpful. 
The figures given represent the total amount of COg evolved in the time 
stated, 0-15 g. of brei being used. 

The solution of coenzyine I and adenylic acid generally used contained 
5 mg, of a coenzyme preparation (kindly supplied by Dr D. E. Green) and 
10 mg. muscle adenylic acid per c.c. ; 0-4 c.c. were used in the large mano- 
meters and 0-2 or 0-3 c.c. in the small. These activators were sometimes 
added also to the tissues in glucose solutions to see if they could effect 
glucose glycolysis as well as hexosephosphate glycolysis. Only very small 
and transient increases of acid production were caused by this addition. 
Hexosephosphate glycolysis, on the other hand, protjeeds only after the 
addition of those activators. 

As pointed out by Boyland, tumour tissue destroys coenzyme I and 
adenylic acid rather rapidly. The duration of hexosephosphate glycolysis 
and therefore the total production of lactic acid depends partly on how 
long a suHicient amount of the activators remains intact. It is not always 
possible to obtain samples of tumour tissue (even when they are taken, as 
in this case, from different parts of the same tumour) which destroy the 
activators at exactly the same rate, and there is, therefore, some variation 
in the total amount of lactic acid produced from hexosephosphato. It 
seems that the irradiation does not in any way affect this and the total 
lactic acid production is sometimes slightly greater in the irradiated tissue 
and sometimes in the control tissue. 



Table II. Total glycolysis measured asd extra lactic estimated chemically 
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Experiments with the Cori ester 

It is considered that, in the breakdown of glycogen to lactic acid by 
tissues, the fonnation of glucose- 1 -phosphate precedes the formation of 
the Embden ester (Cori, (3., Cori, 0. and Colowick 1937). It has been found 
possible to show the breakdown of glycogen by tumour brei, but the brei 
will form lactic acid from the gliujose- 1 -phosphate (Cori ester). This, 
therefore, represents the earliest stage of glycogen glycolysis which it is 
possible to study at present. I am indebted to Dr and Mrs Cori for a sample 
of the ester; a further sample was prepared by the method of Kiessling 
(1938). The amounts of Emb<len ester contained in these samples are too 
small to account for the lactic acid production observed, since lactic acid 
production only j)roceeds in the presence of a considerable concentration 
of hexosemonophosphate (the concentration generally used was m/30 
m/50). The first sample contained 5-8% of the Embden ester and the 
second sample small traces only. 

Just as in the case of the Embden hcxosemonophosj)hato it can bo 
shown (see Tables 1 and II) that the formation of lactic acid is not in- 
hibited by hr. irradiation. Since the “Cori’’ ester is the earliest link 
in the chain of glycogen breakdown investigated so far, this result confirms 
and, in facts includes the results already mentioned. For this reason an 
experiment with Cori ester was chosen for illustration in fig, 1. 

As adenylic acid and coenzymo I have to bo added in any case in these 
experiments, it is impossible to tell whether any destruction of these 
activators occurs in irradiated tissue. The experiments with the lactic 
dehydrogenase system in embryo tissue, which are described below, re|ijre- 
sent an attempt to investigate this possibility. 


Lactic uehydkogenask system 

It was reported previously (Holmes 1935) that the reduction of methylene 
blue by embryo brain tissue in the presence of lactic acid, could be inhibited 
by y-radiation. Older embryos, both rat and chick, did not show this 
effect, but the inhibition was plain in the case of 8-day chick brains and 
rat embryos at about the 14th-16th day. 

Much further work has fully confirmed this, and suggests that the 
dehydrogenase itself is not so readily damaged as the coenzyme or carrier 
part of the system. By the addition of enough coenzyme 1 (approximately 
0*5 mg. added to 50 or 100 mg. of tissue in 1*5 c.c. fluid) the activity of the 
control tissue, which has naturally diminished during the period of the 
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irradiation, can be considerably increased and the much further diminished 
activity of the irradiated tissue can sometimes be actually brought back 
to the level of that in the restored control tissue. This result suggests that 
the dehydrogenase enzyme itself is not damaged in these cases and that 
some part of the carrier system is suscejjtible to irradiation. Other results 
are not so clear as this, and in these cases, although the irradiated tissue 
shows a relatively greater re-activation by the addition of coenzyme it 
still does not show the full activity of the control tissue with coenzyme. 
It is possible that the addition of still further coenzyme might restore it 
completely. If it becomes possible to investigate this problem on a large 
enough scale to decide whether (soonzyme 1 itself is destroyed or whether 
it is the factor concerned with re-oxidation of the coenzyme (Do wan and 
Green 1938) the work will be carried out, as it will provide interesting 
material for comparing results as obtained when using living cells with those 
obtained when irradiating the partially purified preparations of coenzyme 
and oxidizing factor. 


Tablr ITT. Embryo brains from S-day chicks irradiated 16 hr. 
BY y-HAYS FROM 300 MG. HADIIIM AT 0*5 CM. DISTANCE. TiME IN MINUTES 
TAKEN TO REDUCE 0-2 C.C. 1/1000 METHYLENE BLUE. 0'06 G. TISSUE 


lOHphero during 
irradiation 

Control 

Control + 
coimrymo 

Irradiated 

Irradiated + 
coonzyme 

Air 

90 

50 

>240 

48 

Air 

23 

9 

«5 

20 

Air 

41 

15-5 

105 

17-5 

Nitrogen 

17 

11 

60 

13 

Nitrogen 

21 

17-5 

70 

21 

Nitrogen 

20 

S 

76 

19 


Estimation of tho rt'duction time of the metliyleim bluo was always carriod out in 
uvac!uutod Thunborg tubiis an<l in the presence of lttct»ate. Jn tho absonco of lactate 
the reduction time was very much meroased. Each embryo brain was halved, ono 
half irradiated and tho other used as cniitnd; abniit 4 brains wem use<l in oach 
experiment. 


The results up to date (Table III) are quoted here as having a possible 
bearing on the question of selectivity of X-ray effects. In the young embryos 
the whole lactic dehydrogenase system is very poorly developed, whereas 
in the older embryos it has become more active, the rate of reduction of 
methylene blue is greater and the loss of activity on keeping is not nearly 
so great. (This loss of activity on keeping depends partly on exposure to 
oxygen, and is noticeably less when the tissue is kept in nitrogen; see 
Table III.) It therefore seems reasonable to suppose that the effects of 
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X- and y-rodiation on young embryos are much more noticeable than the 
effects on older embryos simply because the supply of enzyme and carriers 
is so small in the young embryos that any destruction is immediately seen. 
In the older embryos one may imagine that there is a certain margin in 
excess of requirements so that a small effect is not easily seen. 

This is, of course, only a tentative suggestion and certainly not capable 
of general application. The possibility was considered that the relative 
sensitivity of glucose glycolysis, for instance, is due to the fact that in 
0-2 % glucose the enzymes are working at full capacity and that any loss 
of activity is thus immediately seen. A comparison was on one occasion 
made between the tissues in 0*2 % and in 0'(>26 % glucose solutions, and 
it was found that although glycolysis was not proceeding nearly as quickly 
in the tissues badly supplied with glucose, still the inhibiting effect of the 
irradiation was relatively the same. The inhibiting effect of irradiation on 
glucose glycolysis is therefore still obvious even when glycolysis is not 
proceeding at its maximum speed. The results wore as follows (Table IV). 

Table IV. 0-15 o. TrssuE used. Cu. mm. COg m 1 hb. 50 min. at 31° C 

0*2 % glucose 0 026 % gluco>se 

Control Irrodiiitod (yjntrol Irnuliatoil 

204*0 «2 0 88*0 26-0 

(67% inhibition) (66% inhibition) 

There was no falling off in tlio rate of glycolysis m any of tlio four samples 
during tho wliolc couiyo of the experiment. 

Here, therefoi-c, it cannot be concluded that tlic apparent sensitivity of 
the system is due to shortage of enzyme or possible coenzymes. 

I wish to thank Dr Lea of the Strangeways Laboratory for his kind 
help and the British Kmpire Cancer Champaign for a personal grant. 


Summary 

(1) Tho work of (.Vabtree, showing that a* or y radiation of tumour 
tissue, kept at 0° C during tho viradiation, can inhibit tho activity of the 
tissue in forming lactic acid from glucose, has been confirmed. 

(2) It has been shown that a dose of x radiation sufficient to inhibit 
the breakdown of glucose by the tissue, has no effect on the formation of 
lactic acid from hoxose-di-phosphate, hexose-mono-phosphato (Embden 
ester) or glucose- 1 -phosphate (Cori ester). 
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(3) The decrease in activity of the lactic dehydroglucose system in 
young embryo brains, which is caused by irradiation, can be corrected, 
completely or partly, by the addition of coenzyme 1 to the tissue. 

(4) A short discussion of relevant literature is given. 
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llesearches on plant respiration 

V. On the respiration of some storage organs in 
ditferent oxygen concentrations 

By J. K. (’HOirnnimy, Ph.D. 

Botanical Department, U niveraity of Birmingham 

{Communicated by W. Stiles, F.R.S, — Received 13 December 1938) 

iNTROUUtmON 

Respiration in complete absence of oxygen, and the relation of this 
anaerobic respiration to aerobic respiration, have attracted the attention 
of plant physiologists for a long time, but the effects of different conccti' 
trations of oxygen on the respiration of plant material have been studied 
very little. 

Until 1928 the accepted view of this question seemed to have been based 
on the work of Stich (1891) and Johannsen (1885), which suggested that 
little or no change could be observed in the rate of carbon dioxide evolution 
by higher plants over a considerable range of oxygen concentration in the 
environment. Later, in 1923, Wurinser and Joequot found that the 
respiratory rates of iMminaria mccharinu increased with the oxygen 
content of the surrounding sea water. Two years later, however, H6e and 
Bonnet could not find any direct relationship between the oxygen content 
of the surrounding water and the rate or respiration of Eloden and Myrio- 
phyllum. It is important to note, as pointed out by Mack (1930), that the 
experiments of these earlier workers usually lasted only a few hours, and 
these, as subsequent work has shown, may yield results from which it is 
possible to draw entirely misleading conclusions. 

With the work of Blackman and Parija, published in 1928, there began 
a new chapter in the study of respiration. These workers found that in 
apples (Bramley’s Seedling) either an increase or decrease in oxygen con- 
centration from about 6% increased the intensity of respiration. This 
I)articular percentage (which might vary according to the age of the fruit) 
has been called the “extinction point of NR” (that is, respiration in 
nitrogen), when the oxygon available was just sufficient to stop anaero- 
biosis. As the percentage of oxygen was increased the respiration rate also 
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increased simultaneously, to reach in 100% oxygen 1*4 times the rate in 
air, after a {period of 45 hr. This increased rate has been explained by 
Blackman as due to “pre-glycolytic** reactions which load to an increased 
rate of glycolysis. On the other hand, the increase in the respiratory rate 
due to a decrease of oxygen concentration below 6 was supposed to bo 
due to “post-glycolytic” reactions. Similar experiments with senescent 
tropical fruits were made by Singh and his co-workers in 1937 with 
similar results. In their researches the oxygen concentration for mangoes 
was found to be 9*2% at the “extinction point”. Mack in 1930 published 
a paper on the relation of temperature and the partial pressure of oxygen 
to resjjiration of germinating wheat. Respiration rates were measured at 
five different temperatures between 10 and 30” C, and in twelve different 
oxygen concentrations ranging from 0-fi to 98-3 %. At each temperature, 
however, the respiration rate increased with an increase in the oxygen 
concentration, until a “subordinate optimal pressure” of it was attained 
(varying between 6-3 and 20 % oxygen according to the temperature used). 
With an increase in oxygen concentration from this “optimal pressure”, 
the rate began to fall to a minimum, after which, with still further increase, 
a second maximum was gradually attained at the “main optimal pres- 
sure” of 90-95% oxygen. The rate of respiration at the highest oxygon 
concentration used, 98-3%, was always lower than that at 90%. 

In 1930 attention was also drawn to this problem by F. F. Blackman 
with the announcement that “the COg production of plant tissue varies 
with every alteration of oxygen concentration in the environment”. This 
statement has been found to apply in the cases of some senescent fruits, 
but how far it holds in general is not known. An attempt has been made 
here to study the respiratory behaviour of some storage organs, in which 
carbohydrate is the chief reserve, under a wide range of oxygen con- 
centration varying from zero to 98-0 %. 


Material and method 

The plant material used in this investigation consisted of tubers of 
potato (var. King Edward VII) and Jerusalem artichoke, and roots of 
carrot and red beet, obtained from the ordinary market supply. In all 
experiments whole organs were used. Before an experiment the material 
was washed thoroughly in tap water and carefully dried with clean dry 
linen. When a sample consisted of potatoes, they were next weighed and 
placed in the respiration chamber, but in almost all other cases, as a result 
of experience derived from preliminary experiments, the organs were 
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sterilized as a precaution against fungal attack by (lipping them into 
0-2% mercuric chloride for 2 min. They were then washed thoroughly in 
running water, dried and w'eighcd. Leaves were removed wherever present 
and no attenif)t was made to seal the wouikIs thus caused, except in four 
oxfieriments with carrots (Exps. 37-40) in which the wounds were covered 
with grafting wax. 

Each sample was placed on a glass support inside the respiration 
chamber. The latter consisted of two glass hemi8])hcr(?s with equatorial 
flange and two polar hook-shaped entrancje and exit tubes for passage of 
gas. The two halves of the chamber were clamped together between two 
brass rings fixed to an iron stand. The chamber had a capacity of about 
3600 c.c. It was bchl in a Large bath, regulated at 25 + O-S"* C by a incrcury- 
toluono gas thermoregulaior. A fan-ty{>o electric stirrer maintained uni- 
formity of temperature in the bath. 

The respiration was measured by the Pettenkofer method during 
successive 3 hr. periods with the aid of a Blatikruan air-current commu- 
tator. All precautions were taken to ensiiie a uniform rate of bubbling of 
gas through the absorption tubes, the passage of the gas through the 
apparatus being at the rate of about 2000 c.c./hr. In each experiment 
no record was kept of the respiration during the first 00 min., during which 
time air deprived of its carbon dioxide was drawn through the apparatus 
at the usual rate. This time was alkmed, and found sufficient, to scavenge 
out all carbon dioxide from inside the apparatus. 

The respiratory activity of the various organs was examined in a series 
of oxygen-nitrogen gas mixtures containing the following percentages of 
oxygen: 3*5, fl-2, 0-7, 7*0, 10-7, 24*4, 26-5, 40, 46*0, 61*0, 69-3 and 79-9. 
In addition to these “pure” nitrogen and oxygen were employed as well 
as atmosy)herio air (20- K% oxygen). These gas mixtures were supplied in 
cylinders by the British Oxygen ('ompany and were analysed by the 
Haldane gas analysis af)paratus before use. When cylinder nitrogen was 
used it was always ]>assod first through alkaline pyrogallate solution and 
then through moist soda-lime to get rid of any traces of oxygen and carbon 
dioxide that might be present in the cylinder. After such treatment, estima- 
tions with Haldane’s gas analysis apparatus failed to show any measurable 
quantity of these impurities. In cases of other gas mixtures, although 
carbon dioxide was absent or negligibly small (well within experimental 
error) care was always taken to pass the gas through moist soda-lime 
before it entered the chamber. Pure cylinder oxygen w'os found on analysis 
to contain 98-6% oxygen. 

In each experiment the respiration of a sample of tubers or roots was 
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examined over a continuous period of from 7 to 14 days, the respiration 
rates throughout being expressed as mg. carbon dioxide evolved per hour 
per 100 g, fresh weight of material at the beginning of the experiment. 
For the sake of cleartiess and brevity the course of respiration is shown in 
graphical form rather than by recording the detailed nuincrical results. 
Only sixteen experiments out of some sixty are recorded in detail, but 
numerical data of some of the remainder are given in tables to bring out 
certain observations made in the text. 

Respiration RKronns 
(1) Potato 

The results of Exps. 2, 3, 14, 15 and 16 with potato tubers are shown in 
serial order in the first five figures of the t^xt. In fig. I is shown the normal 
course of respiration in air and in fig. 2 is shown f-he effect of “pure*’ 



timo in hours 

Ki(!. 1. Cotirsc of n^spiratioii of potatx) tuber in uir, lOxp. 2. 



time in hoiirw 
Fio. 2. Potato, Kxp. 3. 


oxygen on this course. In another experiment (Exp. 5) an attempt was 
made to keep the potatoes in “pure” oxygen throughout the experi- 
mental period of 189 hr., except for an intervening period of 72 hr., when 
oxygen was replaced by air. The respiratory rate, however, did not show 
any deviation from the normal course. In fig. 3 are shown tlic effects of 
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various oxygen concentrations on the same sample of ]iotatoe8. Most of 
these concentrations have also been tried individually, but in no single 
cose was any deviation from the normal course observed. 



Kkj. 3. Po<uto, Kxp. J4. 



Fio. 4. Potato, Kxp, 15. 



Fjo. 5. Potato, Kxp, Itt. 

In Exps. 15 and 16 (figs. 4, 6), the samples of potatoes were subjected 
to nitrogen for 72 hr. each, but in one case they were brought back to air 
and in the other to a lower concentration of 6-2 % oxygen. The quantita- 
tive aspect of these two experiments (taking air-line ” as the standard) are 
set out in Tables I and 11, together with three others where the anaerobic 
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period varied from 24 to 144 hr. In all cases there was a fall in carbon 
dioxide production in nitrogen, followed in air by a rapid rise to a value 
greater than that of the normal air-line, and then a gradual fall until the 
normal rate was resumed. Exp. 17 (Table 11) was spoiled by fungal attack 
so it was not possible to determine the number of hours it would have taken 
to regain the “air-line*' rate nor the total evolution of carbon dioxide 
during that period. From Table 1 as well os from figs. 4 and 5, it will be 
seen that the lowering in the rate of anaerobic carbon dioxide production, 
as comjiared with tlie rate indicated by the corresponding “air-line*’, 
proceeded in three stages, (1) a slow fall for the first few hours, which was 
followed by (2) a rapid fall. The third stage was reached after about 48 hr. 
in nitrogen after which time there was little change in the rate of carbon 
dioxide production. This steady rate, once attained, could be maintained 
even for 6 or 7 days without further alteration. 


Table 1. Ratios of NR to ALR in potatoes 


Exp. 15 Exp. 16 Kxp. 17 Exp. 18 Exp. 19 
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NR 

ALR 
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NR 

ALR 

ALR 

12 

0 52 

0 54 

0*96 

0-59 

0-04 

0-92 

0 51 

0 58 

0 88 

0 64 

0 62 

103 

0 57 

0 60 

0-95 

24 

0 38 

049 

0 775 

045 

0.59 

0 763 

o-:m 

0 53 

0 64 

046 

0-56 

0 82 

040 

0*56 

0-714 

36 

0-26 

046 

0-565 

0-22 

0 56 

0 39 

0-23 

0 .50 

046 

0-30 

0 53 

0 566 
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48 

0 22 

0 43 

0 51 
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0 53 

0*38 

0-20 

0 19 

0 41 

0-26 

0-52 
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60 

0 20 

043 
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0 50 

0-400 

0 20 
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0 416 

— 

— 



— 

— 

72 

020 
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Table II. Quantitative aspects of the respiratory rate 
of potatoes in air after nitrogen treatment 

(All ix'spiration rates are expressed as ing. carbon dioxide ev^olved per hour 
per 100 gm. fresh weight) 


MiixiTnurn 

rc'spiratiori 



Hours 

rnto in 

Corre- 


m 

air after 

sponding 

Exp. 

nitrogpn 

nitrogen 

ALR 

16 

72 

0-72 

0-42 

16 

72 

1-62 

0-48 

17 

144 

1-62 

0-48 

18 

48 

130 

0-50 

19 

24 

0-67 

0-55 


Total 
CX), in mg. 
evolvwl after 
rotransference 
to air before the 

Tiino to Time' to nonnal rato 


Max. R 

roach 

regain 

of respiration 

ALR~ 

maximum 

ALR 

IS n'suinod 

1-71 

24 

116 

62-32 

317 

21 

90 

86-30 

3-37 

30 

-- 

— 

2-6 

16 

93 

83-43 

1*22 

16 

27 

16-63 


An observation regarding the relation of lenticels and surface area to 
respiration may be worth putting on record here. Two experiments were 
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run concurrently, in one of which three potatoes formed a sample (Exp. 7) 
while in the other the number of potatoes was six (Exp. 8). The total fresh 
weight in the former case was 292 g. while in the latter it was 340 g. At 
the end of the ex})criments the number of lenticcls and the area of the 
skin were determineti (Michaels 1932). 

In Exp. 7 the total area of the three potatoes was 32*95 sq. cm., with a 
total of 015 lenticels, that is, in the jiroportion of 18*60 lenticels per sq. cm. 
of the skin. The total amount of carbon dioxide produced in 120 hr. was 
60*285 rag. In Exp. 8 the surface area was 44*59 sq. cm. with 903 lenticels, 
that is in the proportion of 20*25 per s(p cm. The total amount of carbon 
dioxide produced in 120 hr. was 69*780 mg. Although too much stress 
should not ho laid on these few observations, it may be noted tliat although 
the smaller potatoes had more lenticels per unit area, this was not related 
to a greater output of carbon dioxide, since the respiration rate per unit 
weight of material was practically identical in the two cases, 

(2) Carrot 

The normal course of the respiration of carrots in air is shown in fig. 6 
(Exp. 21). The carrots were dipped in 0*2 mercuric chloride solution, but 
a control experin)cnt run simultaneously did not show any significant 
difference in the intensity of respiration. This was also true for beetroots 
and artichokes. The carrots, however, tended to turn brown in patches at 
the end of an ex[)eriment, especially when they were bruised to start with. 



Fic, H, Course of rt'spiratum of earroi root in air, Kxp. 20. 

The course of respiration of carrot roots in nitrogen is shown in fig. 7 
(Exp. 27), the material in this case having been kept in nitrogen for 117 hr. 
after an initial period of 48 hr. in air. The quantitative aspects of this 
ex]xu‘iment and four other similar ones are shown in Table III. It will bo 
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seen that in every case the rate of respiration in nitrogen exceeded that 
in air. 



Table 111, Ratios of NR to ALK i\ carrots 


Cxp. 

Time III hours 

NR/ALH 

26 

21 

1-31 


51 

1-42 

27 

24 

1-21 


72 

1-46 


06 

1*45 


117 

lil 

34 

24 

M9 


48 

1-51 


72 

1*49 

39 

21 

1*22 


48 

1-23 

40 

51 

1*48 


The behaviour of carrot root in different concentratioris of oxygen stands 
in marked contrast to that of potato tuber, for carrot root is very markedly 
affected by variation of oxygon concentration in the environment. This is 
shown in fig. 8 (Exp. 35) where the oxygen concentration ranged between 
6*2 and 100% and also in Table IV, in which are brought together all the 
experiments carried out with carrot in oxygen and artificial gas mixtures. 
Attention is drawn to Exps. 37, 38, 39 and 40 in which the tissue was 
exposed to a low (3-5 %) oxygen concentration; the results of two of these 
experiments are shown graphically in figs. 9 and 10. Unfortunately both the 
experiments illustrated here were spoiled by fungal attack towards the end 
of the experimental period, so the “air-linos” were not established beyond 
doubt, but those drawn in the figures are based on a comparison of analogous 
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Ficj. 8. Carrot, Exp. 35. 



time in hours 
Fro. 9. Carrot, Kxp, 37. 



tune in hours 
Flu. 10. Carrot, Exp. 30. 
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cases. In these two figures, 9 and 10, it will be seen that although in one 
case the respiration rate rose above and in the other case fell below the 
respective “air-lines”, yet as exposure to low oxygen concentration con- 
tinued there was a tendency for the respiratory rate to regain the “ air-line ” 
level, and perhaps in Exp. 37 (fig. 9) it was actually regained after about 
48 hr. in 3*6 % oxygon. This was also the case with higher concentrations of 
oxygon, where the increased respiratory rate attained the maximum within 
a few hours, usually within 15 hr. (see Table IV), and then gradually began 
to decrease to approach the “ air-line ” level. Exp. 40 supplied some results 
intermediate between those of Exps. 37 and 39 (figs. 9 and 10). In tliis 
case for about 12 hr. the respiratory rate in 3-5% oxygen wtis below the 
“air-line”, after which time it began to rise and attained the maximum in 
27 hr., this rate more or less being maintained for the rest of the period in 
3-5 % oxygen (Table IV). It may be mentioned here that in tljcse last four 
experiments (Exps. 37 to 40), the wounds in the (larrota caused by the 

Tablk IV. Ratio or OR to ALR in carrots i.v 

DIKKKKJflNT OXYGKN CONCENTRATIONS 
Cuiioeiitralion 


Oxp. 

of oxygt^ii 

Time ill hourn 

OH/ALK 

22 

79-9 

21 

1*74 



45 

1*51 

23 

79*9 

21 

1*66 



69 

1*36 

24 

i(H) 

12 

1*27 



96 

1*11 

25 

100 

15 

1*26 



93 

1*23 

28 

25-5 

24 

1*0 



72 

1*0 

20 

24*4 

12 

1*15 



30 

1*0 

30 

40 

12 

1*25 



96 

1*13 

31 

7*9 

36 

0*91 



72 

0*76 

32 

7*9 

24 

0*78 



69 

0*75 

35 

0*2 

24 

0 67 



69 

0*72 

37 

3*5 

24 

1*23 



72 

1*09 

39 

3-5 

9 

0*803 



48 

0 91 

40 

3*5 

12 

1*00 



27 

1*12 
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removal of leaves were covered with “air-tight” grafting wax. The in- 
tensity of respiration in these cases, however, was not affected by this 
treatment. 


(3) Red beetroot 

Only two experiments were carried out with roots of red beet. They 
were primarily undertaken to see if there was any similarity existing 
between the anaerobic respiratory rate of the roots of carrot and beet, 
since both of these materials are known to store a considerable amount of 
sugar. 



iinie in hours 

Fio. 11. Hod boflmot, Kxp. 42. 

In the first experiment the course of respiration of beetroots in air was 
examined. It followed a fluctuating course which exhibited a slow de- 
crease in respiratory activity with time. In the other experiment, which 
was run sunultaneously with the previous one, the material was subjected 
to anaerobic conditions for 06 hr. after an initial period of 48 hr. in air. 
The results of this experiment are shown in fig. 1 1 while the quantitative 
aspects of the experiment are shown in Table V which also includes those 
with artichokes. At the end of this experiment the material was found to bo 
infected by a fungus although it was quite turgid and in a good condition. 
The rise in respiration rate above the ‘‘air-line” in air after the anaerobic 
period might have been due, at least partly, to fungal activity. 

(4) Artichoke 

The work with artichoke began late in the season, and after a time it 
became increasingly difficult to get suitable material. The results with this 
tissue are thus rather fragmentary but are of interest in comparison with 
the results obtained with other tissues. 
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The normal course of the respiration of artichokes in air is similar to 
that observed with other tissues, exhibiting an initial rise of short duration 
followed by a slow fall. In fig. 12 are shown the results of one of the three 
experiments carried out in air and nitrogen. The quantitative asf)ects of 
all of them are shown in Table V. In fig. 13 are shown the results of Rxp. 47 
in which the artichokes after a period in air were subjected to pure oxygen, 
then retransferred to air and then again to pure oxygen. Similar results 




timo in hours 

Fio, 13. Artichoke, Kxp. 47. 


were obtained in a second experiment with pure oxygon (Exp. 48) as well 
as in two experiments (49 and 50 ) with 61-6% oxygen. In fig. 14 (E.xp. 51) 
are shown the ofTects of a series of increases of oxygen concentration from 
3*6 % to that in air. In air the respiratory rate actually njse beyond the 
“air -line” and maintained a higher level for a considerable time. A similar 
phenomenon was also observed in another exiieriment in which the tissue 
was subjected to a low concentration of oxygen (Exji. 49), where the 
respiratory rate of artichokes after a period of 75 hr. in 6*7 % oxygon rose. 
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on re-transference to air, to a maximum of 1-38 times that of the corre- 
sponding normal “air-line” value 27 hr. after this re- transference. This 
high rate, however, was followed by a fall to the normal rate in about the 



Kk 4. 14. Artichoke, K\p. 51. 

Table V. Ratto.s ok Nil to ALR in bed 

BEETBOOT.S AND ARTUTIOKE TirBEBS 


Tissue 

Kxp. 

Time 111 hours 

NR/ALK 

Rtjcl beetroot 

42 

24 

0-82 



4K 

0 81 



72 

0>75 



96 

(h72 

Artichoke tuber 

44 

24 

0-84 



48 

0-76 


45 

24 

0-74 



72 

0-7.3 


46 

24 

0-75 



48 

0-675 



72 

0-62 

»» 

42 

24 

0-82 



48 

0-81 



72 

0*75 



90 

0-72 


next 21 hr. It will be seen that no such high rate of respiration in air was 
observed after an anaerobic period in nitrogen (fig. 12). The artichokes in 
Exp. 51 (fig. 14) were very advanced in ago to start with and each already 
had one develojiing bud, which was removed. At the end of the experiment. 
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however, several buds had developed. In one experiment (no, 50 ) the course 
of respiration of the sprouting tubers was followed for over 80 hr. It was 
found that the respiratory rate tended to become irregular but on the 
whole increased slowly with time. 


Discussion 

From an examination of the experiments illustrated in the text it will 
be seen that the normal drift of the respiratory activity of all the materials 
under the experimental conditions went through a two-phase course, first 
a rise for a few hours to a maximum, and then a fall. The ultimate course 
of this slowly falling rate was, however, determined by the age, and perhaps 
the kind, of material used. Thus an analysis of more than twenty experi- 
ments carried out with potatoes showed that the respiratory rate of tubers 
used early in the storage season continued to fall, although very slowly, 
throughout the experimental period, while the respiratory rate of those used 
late in the season sooner or later assumed a level course. Tn the case of arti- 
chokes it was found that if the tubers were very advanced in age, there was a 
tendency for the respiratory rate to rise with the extension of the experi- 
mental period. Tn these cases as well as in some of the older potatoes, the 
tubers usually began to germinate towards the end of an experiment, and 
the increased rate of respiration might be due to the buds present on them. 
Nevertheless, a consideration of all the results obtained in this investiga- 
tion suggests that there may bo some seasonal drift in the respiratory rate 
of potatoes and possibly also in other cases. An examination of the data 
presented by fifty-one experiments suggests that the respiratory rate of 
potatoes at the beginning of a season is higher than that observed in the 
middle of the season. Later there is a tendency for the respiratory rate to 
increase as the season advances. This is j)robably associated with the 
normal function of propagation carried out by these organs. 

The excess production of carbon dioxide at the beginning of an experi- 
ment is probably due to change of temperature. The previous history of 
the materials is not known, but if it is assumed that they were stored in a 
temperature of about 15 or 16 ° C, then under the experimental conditions 
they were heated up by about 9 or 10° C. In that case more than one 
factor may contribute to the excess carbon dioxide output (Blackman and 
Parija 1928). One of these factors must be the evolution of dissolved and 
easily dissociable carbon dioxide from the tissues, since the solubility of 
the gas would be lower at a higher temperature (Willaraan and Brown 
1930). Dissolved carbon dioxide can also be given out if the partial pres- 
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sure of this gas is lowered in the environment. This was observed every 
time work was resumed after an interruption. With the sudden change 
of temperature, the starch-sugar balance also might play a part, at 
least in potatoes, in the excess production of carbon dioxide (Blackman 
and Parija 1928; Singh and others 1937). 

A comparison of the results recorded in the text indicates that the 
intensity of respiration in different materials is not the same ; the average 
rates of carbon dioxide production at 100 hr. were 0-46, 2*00, 1-67 and 
1‘26 mg./lOO g. fresh weight per hour in potatoes, carrots, artichokes and 
beetroots respectively. The average percentage losses in weight of the 
materials per 100 hr., which must have been largely due to the loss of 
carbon dioxide and water, were 0-51, 4*96, 2*65 and 2*04 respectively in 
potatoes, carrots, artichokes and beetroots. It is interesting to note the 
relation existing between the average production of carbon dioxide 
recorded above, and the average percentage loss in weight of the materials. 

It will be seen that the respiratory behaviour of all tlie materials in 
presence of different oxygen concentrations was not similar. The increased 
respiratory rate of carrots with increase of oxygon concentration in the 
environment (fig. 8) may bo due to an acceleration of the production rate 
of the immediate substrate for respiration. Thus Blackman (1931) said 
that: “A further survey of the facts produces evidence that oxygen has a 
dual effect upon the rate of respiration. One of these is the direct oxidative 
effect of oxygen upon a carbon substrate, while the other presents itself 
as an activation of the carbohydrate metabolism which determines the 
production rate of the specific substrate which is oxidized.” If this state- 
ment is applicable in general, it is difficult to see why oxygen should not 
affect the production rate of the respiratory substrate in potatoes and 
artichokes. In the lowest concentration of oxygen used, 3-57%, the 
respiratory rate was determined, as has been said already, by the size of 
the carrots; if a sample consisted of thin and small carrots, the respiratory 
rate was much below normal (Exps. 38 and 39, lig. 10), but if the carrots 
were massive the rate was above the normal (Exps. 37 and 40, fig. 9). In 
this latter case the excess carbon dioxide must have been derived from the 
anaerobic source. The size of the carrots will thus be a factor in determining 
the value of the “extinction point of NR”. In Exp. 38 the “extinction 
point” lay between 3*5 and 6-7% oxygen (Table III), but probably very 
(ilose to the former percentage. There was no indication that this critical 
percentage of oxygen was more than 0*7% in any of these experiments 
with carrots. 

The res{)iratory rate of artichoke did not change from the normal when 
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the concentration of oxygen was increased from that of air to 51*6 or 
100% and vice versa. It was, however, reduced in lower concentration of 
oxygen (Exp. 51, fig. 14). If this is due to a shortage of oxygen for com- 
plete oxidation of sugar and if the production rate of the respirable sub- 
strate is not slowed down, there should be an accumulation of such 
substrate (or an anaerobic product of it, or both) which may readily bo 
used up when sufficient oxygen is available. This in fact was realized in 
both cases (Exps, 49 and 51, fig, 14) when the artichokes were brought 
back to air from a lower concentration of oxygen. 

The absence of any alteration from the normal (!ourso of the respiratory 
rate of potatoes under the influence of various oxygen concentrations may 
be due to the fact that even the lowest concentration used in these experi- 
ments, namely, 6-2 % oxygen, was sufficient for the complete oxidation of 
the respiratory substrate. This may not be impossible when the low 
intensity of respiration of those tubers is taken into consideration (cf. 
Exp. 15, fig. 4, where 6-2 % oxygen seemccl to bo enough as far as normal 
oxidation is concerned), yet one is naturally led to wonder what might be 
the amount of oxygen available at the centre of a tuber when the outside 
concentration is only 6*2 % and how there can be complete oxidation when 
the oxygen supply must be so limited. From these considerations (taking 
also into account the anaerobic respiratory rate in carrots) one thing seems 
clear, that even if oxygen can stimulate the supply of respirable sugar in 
certain cases it is not essential to it. In potatoes and artichokes, oxygen 
does not seem to play any part at all in the production of the respiratory 
sugar. 

The rate of respiration of these storage organs in nitrogen was also 
different in different cases. In artichoke and beetroots there was a decrease 
in the respiratory rate which was rapid for the first few hours but slowed 
down considerably with time; in potatoes the decreasing rate took a much 
longer time to attain a level course which was maintained for the rest of 
the period in nitrogen. The ratios NR/ALR also were not the same in all 
the cases (Tables T, IV and V), and in carrots, in contrast to the other 
tissues examined, there Avas an increase in the respiratory rate under 
anaerobic conditions, rising steadily and gradually for more than 50 hr. 
before there w^as any tendency for a fall (Kxp. 27, fig. 7), arul even after 
117 hr, in nitrogen, the anaerobic rate of carbon dioxide output was far 
above the normal rate (Exp. 27, Table 111). When the carrots wen? 
brought back to air from nitrogen, there was always a rapid fall to the 
“air-lino” level. Thus in these experiments the increased respiratory rate 
in nitrogen was not temporary but long maintained. In no case was there 
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observed any indication of a deterioration of the respiratory system in any 
of these materials as a result of nitrogen treatment. 

There are cases on record in the literature where the anaerobic respira- 
tory rate is one-third the aerobic, as, for example, in germinating tago^ 
pyrum seeds (Leach 1936). In those cases the product of glycolysis in air 
is-jicrhaps fully oxidized, hut where this theoretical ratio is more than 
one-third, it is jjossible, if ail the anaerobic! carbon dioxide is derived 
from fermentation, either that tJie glycolysis rate, somehow or other, is 
increased in nitrogen (Dixon and Holnjcs 1935), or that a part of the 
product of glycolysis in air is built back into the system in the hypo- 
thesized process called oxidative anabolism (Klackman). 

1'he data obtained for the anaerobic respiration of potatoes, artichokes 
and beetroots, afford an opportujiity for estimating the oxidative ana- 
bolism (OA) that might take place in these materials. The ratios of initial 
NR (which arc obtained by the method of Rlackman 1928) to the final 
OR (i-espiratioii in air) are set out in Table VI. Only six experiments are 
considered here, because in them the anaerobic period was long enough 
for the NR rate to be established after a transitional period following the 
change from air to nitrogen. The results obtained with carrots, however, 
do not very readily allow one to find the initial NR rate by the above 
method and are therefore excluded from the table. 

Table VI. Ratios of initial NR to OR 

IN VAHIOirS TISSUES 


Cxp. 

Matt^rial 

NR/Oll 

15 

Potato 

0*36 

16 

ft 

0-306 

17 

• f 

0-34 

42 

liwtroot 

0-81 

45 

Artichoko 

0-70 

46 


0-72 


If these values provide information of the glycolysis rate in air, it can 
be said that in jiotatoes there is little or no OA, while in artichokes and 
beetroots, a considerable amount of OA goes on. But in no case is the 
rate as high as that found in senescent fruits (Blackman 1928; Singh ei aL 

1937)- 

Attention may be drawn to the fact that the fall in the respiratory rate 
of potatoes, when air was replaced by nitrogen, to a constant lower level, 
usually took a long time. This time, indeed, seems too long to be explained 
as a diffusion lag, and can with more likelihood be ascribed to changes in 
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pre-glycolytic processes leading to a reduction in the concentration of the 
substrate for glycolysis and hence to a reduction in the rate of glycolysis. 
The maintenance of this minimum rate at a constant level for a consider- 
able period may perhaps bo explained by the presence of the large supply 
of substrate available for respiration in potato tubers. 

Unlike other materials employed in these experiments, the respiratory 
rate of potatoes increased greatly when they were brought back to air 
(or even to as low as 6-2 % oxygen, Exp. 15 , fig. 4 ) from an atmosphere of 
nitrogen. Samples of })otatoc8 have been subjected to nitrogen for varying 
lengths of time and their quantitative relations arc shown in Table IT. 
From this it will be clear that the ratio of the maximum OR (in air) value 
to that of the corresponding ALR increased with an increase in the duration 
of the anaerobic period, but was not always proportional (Singh and others 
1937). The time recpiircwl to regain the normal rate in air after an exposure 
to nitrogen and the total amount of carbon dioxide produced in that time 
hartlly increased with an extension of the anaerobic period beyond 48 hr. 

The increased re-spiratory rate of potatoes in air (or in 6’2% oxygen) 
after a period in nitrogen might be due to one or more causes. It may be 
that some oxidizablc substance is produced during the anaerobic period 
and is used up when suflicient oxygen beomes available, or it may be that 
some substance is ]moduced in nitrogen which afterwards acts merely as a 
stimulant and increases the aerobic respiratory rate (Meyerhof 1925). 
A third explanation can bo that a temporary protoplasmic change of the 
type of Blackman’s “lowering of the organization resistance” is brought 
about when nitrogen is replaced by air, which leads to an increased avail- 
ability of sugar for oxidation. At present it is difficult to come to a definite 
conclusion as to the cause of this increased rate of respiration in potatoes, 
and until an investigation is made of the simultaneous chemical changes 
it is not advisable to carry the present discussion any further. 

Last of all it may bo mentioned that the cause of many of these differ- 
ences observed in the respiratory behaviour of various plant materials 
may lie to a great extent in the specific nature of protoplasm, and it may 
be that until our knowledge of this siibstHitce is increased no very satis- 
factory explanation will bo found for many of these observations. 


The author takes this opportunity to express his gratitude to Professor 
W. Stiles for suggesting the problem and also for his stimulating interest 
and help. 
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SUMMAKY 

Changes in the respiration intensities of the tubers of potato and 
artichoke, and the roots of carrot under a wide range of oxygen con- 
centration, were measured continuously for several days at 25° C by the 
Pcttenkofer method. The rate of aerobic and anaerobic carbon dioxide 
output by red beetroots was also measured. 

The normal re8i)iratory rate in air in all the materials usually went 
through a typical two-phase course, first a rise to a maximum, and then a 
slower fall which in some cases reached a constant level. The first rise may 
largely bo due to the evolution of dissolved carbon dioxide from the tissues 
as a result of temperature change. 

Indication of a seasonal drift of respiratory activity was observed both 
in potatoes and artichokes. 

At 100 hr. the average carbon dioxide production was 0*46, 2*00, 1*67 
and 1'26 mg./lOO g./hr. in potatoes, carrots, artichokes and red beetroots 
respectively. 

In potatoes the normal respiratory activity was maintained in different 
oxygen concentrations ranging between 6*2 and 98-6%; in artichokes the 
respiratory rate altered with an alteration in the lower concentrations of 
oxygen, but when the oxygen concentration was above that in air there 
was no change from the normal course. In carrots the respiration rate 
rose with every rise in the oxygen concentration. In 3-5% oxygen the 
size of the carrots determined the rate of carbon dioxide production. 

In nitrogen the respiratory rate of potatoes, artichokes and red beet- 
roots was reduced; in carrots the anaerobic rate gradually rose above the 
normal and maintained the increased rate even for 117 hr. 

A change frf)m anaerobic to aerobic conditions (or even to (h2 % oxygen) 
was accompanied by a rapid rise in the resiiiratinn rate of potatoes, but the 
amount of carbon dioxide given out in air before the normal rate was 
resumed did not always show a direct relation with the length of the 
period of anocrobiosis. 

From various considerations oxygen does not seem to be essential for 
the production of respiratory sugar, neither docs it scorn to have any 
direct control over the rate of production. 

Smaller potatoes had more lenticels per unit area of the skin but that 
did not prove to be an advantage in carbon dioxide production. 
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The histology and self-differentiating capacity of the 
abnormal cartilage in a new lethal mutation 
in the rat {Rattiis norvegicus) 
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(Communicated by J, B. S Haldane, F.R,S. — Received 28 December 1938) 

[Plates 3-5] 

Introduction 

In a previous oommunication (Grimoherg 1938), a now recessive lethal 
mutation has been described in the rat winch produces a variety of ano- 
malies in various parts of the body. It was shown that all these deviations 
from the normal, including those disturbances which lead to the death of 
the lethals, are ultimately caused by an anomaly of the cartilage. All the 
other manifestations of the gene are therefore of a secondary nature. The 
histology of the abnormal cartilage will be described in the first part of 
this paper. 
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For the anomaly of the cartilage, no obvious cause could be discovered 
by morphological means. It was pointed out, however, that this does not 
necessarily mean that the gene acts primarily on the cartilage. There 
remained the possibility that the cartilage itself was only secondarily 
affected by some general physiological condition of the body which pro- 
duced no other visible changes. 

For reasons discussed below, it is probably impossible to decide whether 
the gene acts directly or indirectly on the chondrogenic cells. By suitable 
methods, however, it can bo ascertained whether there exists in the body 
of the Icthals general conditions which cause the development of the 
cartilage anomaly and whose effect is retyersible. Tf there existed, for 
instance, a chemical compound which caused the cartilage cells of the 
lothals to differentiate on abnormal lines, this compound should exercise 
a similar effect on normal cartilage implanted into the lethal animal. 
Similarly, if cartilage were removed from a lethal and grown in a normal 
environment, the hypothetical substance should gradually disappear from 
the cartilage as a result of diffusion or metabolism. At any rate it should 
be diluted as the growth of the transplanted cartilage proceeded, and W'e 
might therefore expect that the subsequent development of the transplant 
would be comparatively normal. The second part of this paper deals with 
experiments intended to elucidate these questions. 


Techniquk 

Histological 

The tissue was fixed in 2 acetic Zenker’s solution. When fairly hard 
bone was associated with the cartilage, the material was fixed in the usual 
way, hardened by running it through the alcohols to absolute, then again 
hydrated and decalcified for 15-30 min. in formol-nitric acid. 

Sections were stained with azaii, haematoxylin and chromotrop or 
Wilder’s silver method. 


Timm adivre 

Cultures were grown either by the us\ial hai\ging-dro]) method on 1| in, 
square cover-slips over 3 x 1 J in. hollow -ground slides or by tlio watch- 
glass method (Fell and Robison 1929). The culture medium consisted of a 
mixture of equal parts of fowl plasma and saline extract of 10--1 1-day fowl 
embryos (mammalian embryonic skeletal tissue grows and differentiates 
very well in this heterologous medium). 
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Implaniation 

The rats into which tissue was to be grafted were subjected to deep 
ether anaesthesia. The donor was killed and the graft was dissected under 
sterile conditions. Sterilized instruments were used for the operation, but 
otlierwiso the aseptic precautions were slight. The skin was not shaved at 
the site of the operation and only in the 14-day rats (see Table II) was 
the skin w'iped with 70 % alcohol and then only with the object of making 
a parting in the fur. 

A short, sharp Graafian knife was pushed under the skin and moved to 
and fro until a subcutaneous pocket had been formed. The graft was lifted 
in a fine pair of forceps and pushed well into the pocket, the opening to 
which was then sealed with a dab of collodion dissolved in equal parts of 
ether and alcohol. In the first experiment the grafts w^ere placed beneath 
the skin of the shoulder, but later it was found more convenient to insert 
the graft under the skin of the thigh. 

Very little bleeding occurred during or after the o|>eration and none of 
the wounds became septic. 


Part I, Histoloov of the abnormal cartilaok in 

LETHAL RATS 

The abnormalities which characterize the cartilage of lethal rats do not 
appear to the same degree or at the same time in all parts of the cartila- 
ginous skeleton. The general development of the abnormalities will be 
described first, after which rejiresontativc cartilages throughout the body 
will bo considered with reference to the special features which each 
displays. 

The material was obtained from six lethal animals and five normal 
litter-mates ranging in age from less than 10 hr. to 19 days. Additional 
material w^as provided by the various controls used for the experiments 
described in Part II. 

Ge)}eral development of the abnorrmililie^i 

The first visible change in the cartilage of the lethal is the formation of 
a delicate capsule, staining a deep blue with azan, around some of the 
peripheral chondroblasts. Simultaneously both the nucleus and cytoplasm 
of the enclosed cells become denser and more deeply staining. The capsules 
thicken and many of the chondroblasts become binucleate (fig. 1, Plate 3) 
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ApparentJy as the result of incomplete mitotic division. Numerous mitotic 
figures occur throughout the abnormal cartilage. 

TJie porichondriurn which, as in the normal animal, consists at first of a 
fibrous membrane containing numerous fibroblast-like cells, may begin to 
show abnormalities at about the same time as the cartilage. The cells 
nearest tlio cartilage enlarge, become oval or rounded (fig. 1, Plate 3; 
cf. fig. 3) and multiply actively. This cellular enlargement and proliferation 
spreads towaifls the outer surface of the membrane, whilst the inner cells 
become transformed into typical young chondroblasts (fig. 2, Plate 3; 
cf. fig. 3) and begin to deposit cartilaginous matrix. The original inter- 
cellular fibres of tJio perichondrium arc incorporated in the cartilage where 
they can be readily distinguished in preparations stained with Wilder’s 
silver method ; later they become diffuse and disappear. The newly formed 
cartilage matrix is lightly staining and not very dense, but soon deeply 
staining pericellular eapsiiles develop, like tljose described above. The 
extent to which the perichondrium proliferates is extremely variable in 
different cartilages, as will bo seen later, but in extreme cases a broad 
** cortex” of young cartilage is formed around the original tissue (fig. 6, 
Plate 4). 

At first the “cortex” is quite sharply defined from tlm pre-existing 
cartilage but later the boundary is largely obliterated. In the final stages 
of dovelopmeut perichondrial proliferation rapidly declines and in some 
parts of tlie skeleton seems to bo almost arrested. 

The pericellular capsules continue to enlarge (fig. 5, Plate 3), When 
slices of fresh cartilage are examined in saline, these capsules somewhat 
resemble starch grains and show well-marked, concentric layers of deposit. 
They are very easily detached by cutting or other manipulation of the 
cartilage and lie freely in the saline w hero they can be minutely examined 
in an unfixed condition. The concentric structure is also w^ell seen in 
sections stained by Wilder’s silver method (fig. 4, Plato 3). 

In the more advanced stages of the abnormality large areas of cartilage 
degenerate. The cells die while the capsules and intercapsular matrix 
gradually disintegrate into a lightly staining material permeated by a 
network of fine fibrils. Eventually these areas seem to liquefy, whicli may 
cause distortion in the general form of the cartilage (figs. 6, 8, Plate 4). 
In other areas, although the intercapsular matrix becomes very faintly 
staining as in the liquefying regions, the capsules and enclosed cells remain 
unaffected and appear startlingly conspicuous against the light background. 

In regions of ossification the pericellular capsules appear first at the 
margin of the growing zone of flattened cells lying between the small- 
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celled epiphysial region and the hypertrophic cartilage of the diaphysis. 
The capsule formation gradually spreads into the interior of the zone of 
flattened cells, but the capsules are usually less dense than at the periphery. 
The flattened cells in the affected regions are less compressed than in the 
normal; they are not all encapsulated and in i)lacos proliferate to form 
large, irregular groups with at first very little intercellular material. As 
cellular hypertrophy spreads into the zone of flattened cells, the capsules 
when present partly or wholly disintegrate to allow for the expansion of 
the enclosed cell. Ossification is always less advanced in the lethal rats 
than in the normal litter-matos. 

Abnormalities in individual cartilages 

As stated in a previous communication (Oruneberg 1938) the death of 
the lethal rats is duo to various consequences of a hyperplasia of the 
cartilage of the ribs and trachea. For this reason the changes which occur 
in these cartilages will be described first. 

Costal cartilage. In the new-born rat the abnormalities characteristic of 
the lethal are more pronounced in the sternal ends of the costal cartilages 
than anywhere else in the body. Cross-sections of the costal cartilages of 
lethal rats less than 10 hr. old have the following structure (fig. 1, Plate 3 
and fig. 7, Plate 4; of. fig. 9). The interior, for about half the total diameter 
of the section, is fairly normal except for the presence of many binucleate 
cells. Around this area is a zone in which each cell is enclosed by a narrow 
but sharply defined capsule, the capsules being thicker the nearer they lie 
to the periphery. The perichondrium is greatly thickened although the 
width varies in different parts of the same cross-section, aiul is packed witli 
large rounded cells showing every stage of transformation from fibroblast- 
like cells near the periphery to typical chondroblasts next the original 
cartilage. Mitotic figures abound both in the j)erichondrium and in the 
peripheral chondroblasts. 

A short distance from the sternal ends of the cartilages the changes are 
much less advanced. The outer zone of encapsulated cells is narrow er, the 
capsules themselves are thinner, and although the pcricliondrial cells have 
in places begun to enlarge, the perichondrium is not greatly thickened. 
Further dorsal still, the perichondrium is almost normal, the capsules in 
the outer zone are extremely thin and binucleate cells are rare. 

The abnormality develops rapidly. By about the 6th day after birth the 
appearances described above near the sternal ends have 8])road almost to 
the dorsal end, whilst near the sternum where the condition is always more 
advanced, the pericellular capsules have greatly thickened and the peri- 
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chondrium has formed a broad but very irregular cortex of young cartilage 
in which typical capsules have begun to appear. The proliferation and 
chondrogenic activity of the perichondrium itself, however, has somewhat 
declined in this region. 

By the 17th day (fig. 8, Plato 4; cf. fig. 10), i.e, an ago w'hich is reached 
only by a minority of the lethals, the pericellular capsules are enormously 
thick and dense and the boundary between the original cartilage and the 
“cortex” of new cartilage is no longer distinguishable. In some of the 
cartilages, near the sternal attachment, the interior for about one-fifth of 
the diamet<!r, is lio|>elcssly degenerate (fig. 8). The perichondrium is densely 
fibrous but still prolifi'rates and chondrifies in places, forming irregular 
nodules and projections on the surface which gives the rib an extremely 
irregular outline. The nodules of young cartilage formed at this stage differ 
from the earlier “cortical” cartilage in having smaller cells and a dense, 
fibrous matrix which gives a much fainter metachromatics staining with 
thionin than the adjacent original cartilage and a much darker coloration 
with azan. In places its apfscarance almost suggests osteoid tissue rather 
than cartilage. 1 he ribs of normal litter-mates pi'esent a striking contrast 
to those of the lethal animals. In cross-section they are much smaller and 
have a regular, oval outline; the cells, whicli are arranged in groups, have 
no capsules but are embedded in fairly dense, evenly staining matrix. 

Trachea, Tn the 16-hr. rat, the tracheal cartilage is almost normal 
although careful inspection shows that a very delicate, darkly stained 
capsule has been formed around some of the more peripheral cells. 

By the 6th day the tracheal rings have become considerably thicker than 
normal, tlie j^ericcllular capsules are more distinct and binucloato chondro- 
hlasts are cemmon. Tn a few restricted regions the perichondrium has 
formed small lumps of new cartilage, usually on the edges of the rings, but 
it never shows much a(‘tivity and nothing like the “cortex” of the costal 
cartilages is ever ]>roduccd. 

Tlie abnormality conriuues to increase and by the 17th day (fig. 5, 
Plate 3) the capsules have become enormously thick and dense whilst the 
intercapsular material stains very lightly and seems to be disintegrating. 
The cartilage rings are now greatly swollen and distorted and far thicker 
than those of the normal animal at this stage. 

Larynx, Although the larynx is so closely associated with the trachea, 
the cartilage does not become nearly so abnormal as that of the tracheal 
rings. In the 17-day animal the pericellular capsules are still quite thin and 
in places the cartilage is almost unaffected. 

Naml septum. At birth the nasal septum of tlio lethals is indistinguish- 
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able histologically from that of normal litter-mates, but the characteristic 
pericellular capsules have appeared round some of the ohondroblasts by 
the 4th day. As in the trachea, perichundrial activity is extremely slight 
although it occurs in a few limited areas. 

The abnormality never becomes very advanced in the nasal septum. 
Nearly all the chondroblasts become encapsulated, but even in a 17-day 
lethal the capsules are thin as compared with those of the ribs and trachea, 
whilst the intercapsular matrix ap])ears quite normal. 

Ear, No abnormality could be distinguished in tlie ear cartilage. In the 
17-day lethal rat, all the chondroblasts are enclosed by a thin <*a|)sulo, but 
precisely similar capsules occur in the ears of normal litter-matos J^arge 
numbers of binucleate chondroblasts are also ])re8ent in both the normal 
and lethal ears. 

Vertebrae. No abnormalities could bo detected in the sacral vertebrae of 
a 16-hr. lethal. In the 4-day rat changes are seen in the lumbar vertebrae 
(the sacral vertebrae wore not examined). The perichondrium of the un- 
ossified cartilage of the centra has begun to proliterate slightly and has 
formed an incomplete layer of new cartilage on the ventral surface of each 
centrum. Pericellular capsules have also appeared and aifj thickest and 
most dense in the fibro-cartilage of the intervertebral disks. 

By the 17th day most of the cells in the non-ossifying part of the centrum 
are surrounded by comparatively thin capsules. Similar changes occur, 
although less conspicuously, in other parts of the vertebra, the only region 
apparently unaffected being the neural spine. Very little new “cortical” 
cartilage is formed anywhere in the vertebrae. 

It is a curious fact that no histological abnormalities could be detected 
in the vertebrae forming the tip of the tail even in a 17-day lethal. 

Stemvm. The sternum of the lethal animals is seriously affected and 
shows more pronounced perichondria! proliferation than any other cartilage 
examined. 

In the now-bom animal slight changes are just visible and delicate 
capsules enclose many of the peripheral chondroblasts. Tlic perichondrium 
soon begins to grow very actively especially in the xii)hoid process. Thus 
by the 4th day a broad, regular “cortex”, almost as thick as the original 
cartilage, has been laid down on both the d<)rsal and ventral surfaces of the 
xiphoid. All the cells of the original cartilage, but not those of the “cortex ”, 
are now encapsulated. 

In the 12-day lethal the pericellular capsules have become much thicker 
throughout the sternum, although they are not as thick as those of the 
trachea and ribs. Largo tracts of degeneration, like those described above, 
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have appeared between the cortex” and the original cartilage in the 
xiphoid (fig. 6, Plato 4), which haH become much distorted in consequence 
(for an illustration see Griineberg 1938, fig. 3, p. 130). 

Limbs. The skeleton of the limbs never becomes very abnormal. In the 
new-born animal, in some parts of the skeleton, a few delicate pericellular 
capsules occur in the Kones of flattened colls immediately within the 
perichondrium. By the 17th day a layer of encapsulated colls has also 
appeared just beneath the articular surfaces of many of the epiphyses, 
whilst the capsules in the zones of flattened cells are thicker and more 
numerous. Broad, well-developed capsules, however, are only formed in 
the fibro-cartilage at the insertion of the tendons. In the interior of the 
cartilage, large tracts remain almost or completely normal throughout the 
life of the animal. 

Pelvis. The pelvis shows the lethal abnormalities rather more strikingly 
tlian the skeleton of the limbs but much less so than the ribs and trachea. 
At birth the pelvis ai)pear8 normal cxeej)t for the presence of a few very 
fine jjcricellular caf)sulos near the surface. By the 17th day, however, 
nearly all the cells in the zones of flattened cells adjacent to the ossification 
centres and many of those near the articular surface of the acetabulum and 
in the anterior end of the ilia have acquired fairly thick, well-marked cap- 
sules. In some places also the perichondrium is proliferating slightly to 
form small masses of new cartilage. 


Part II. SELF-niFFERENTIATINa CAPACITY OF TOE CARTILAGE 
ABNORMALITY OF THE LKTHALS 

Behaviour of abnormal cartilage in vitro 

Object of experiments. To find whether lethal cartilage would continue 
its abnormal development when isolated in vitro. 

If the abnormality were self-differentiating it might be expected to 
])rogresH when the cartilage was cultivated in vi/ro, since normal (embryonic) 
skeletal tissue grows and differentiates readily under these conditions. 

Material ami methotls. Watch-glass cultures were made of costal cartilages 
from a 4-, 5-. 7-, 10- and J 2-day lethal and also from a normal litter-mate of 
each. The rib cartilages from one side of each rat, after being separated 
from each other and the surrounding muscle, were explanted, whilst those 
of the op])08ite side were fixed and sectioned as controls. Thirty-five 
explants of lethal and nineteen oxplants of normal cartilage were grown 
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for periods ranging from 4 to 17 days and were then fixed and serially 
sectioned. 

Hanging-drop cultures were made from one 13-day lethal and one normal 
litter-mate. In either animal three explants were taken from each of four 
rib cartilages, the cartilages from the opi)osito side being fixed and sectioned. 
The cultures were fixed after 13 days’ growth. 

Results, The abnormality progressed very little, if at all, during 
cultivation. 

Camera-lucida drawings made at intervals during the culture period 
showed that growth of the cartilage was very slight or absent, although 
there was a varying amount of outgrowth from the surrounding soft tissue. 
In sections it was seen that proliferation and chondrogenesis in the peri- 
chondrium stopped soon after cxplantation so that the cartilage became 
sharply defined from the fibrous perichondrium as in the normal rib. In 
some of the oxplants the pericellular capsules seemed a little thicker and 
more numerous than in the controls, but in others the capsules were rather 
thinner, owing to the fact that the cells had enlarged during cultivation, 
and in the process of expansion had resorbed the adjacent layers of matrix. 
With a few exceptions the explants remained healthy after 12-14 days 
in vitro. 

The explants of normal costal cartilage also survived unchanged and 
showed little growth. 

Uonciusions. The results admit of two possible intcrpit^tations : (a) the 
characteristic abnormality of the lethal cartilage is not self-differentiating 
but is caused by general physiological conditions in the animal, or (6) the 
abnormality is self-differentiating, but the conditions of tissue culture are 
not favourable for its develo})inent. 

Behaviour of Thorrnal cartilage when grafted into a lethal rat 

Object of experiments. To fn\d whether normal cartilage would assume the 
abnormality typical of the lethal if it were grafted into a lethal animal. 

If the first alternative mentioned above were correct, viz. that the 
abnormality characterizing the lethal cartilage was caused by the general 
physiological conditions in the animal, then normal cartilage subjected to 
Ihe same physiological conditions should also develop the abnormality. 

Material and methods (see Table 1). The costal cartilages were obtained 
from three normal foetuses, one near term and the others 3*5 cm. in length, 
and from three 3-day and three 2-day post-embryonic rats. The cartilages 
from one side were fixed and sectioned and those of the other were im- 
planted separately into either a lethal rat or its normal litter-mate. The 
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grafts were maintained for periods ranging from 5 to 13 days and the host 
was then killed and the graft removed. 

Tablk T. NobmaIj costal cartilages grafted into 

LETHAL BATS 


Duration 
of im- 

G raft plantat ion 


Donors 

no. 

Host 


days 

Comments 

d>(lay rat (litter- 

i 

3-day leliml 


— 

Rat eaten by fostor-mothor 

mate to hosts) 

2 

II 


13 



3 
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ReituU. The normal histological dev'eiopni<*nt of the costal cartilages was unnfTecU^d 
by iini>lantation into lethal aniinalH. 


Results. The implanted cartilage elongated considerably but remained 
normal (fig. 11, Plate 6). 

Careful comparison of costal cartilages from the same animals, grafted 
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into lethal and normal rats respectively, showed no significant difference 
between the two series. Neither exhibited abnormal proliferation of the 
perichondrium or the formation of pericellular capsules. 

Conclusions, (1) The characteristic abnormality of the lethal cartilage is 
not caused by the general physiological condition of the animal. 

(2) The failure of the abnormality to progress in vitro was therefore 
probably due to the conditions of tissue culture being unfavourable for its 
development. 

Behaviour of abnormal cartilage when grafted info a normal rat 

Object of experiments. To find whether the abnormality characteristic of 
the lethals would progress when cartilage from a lethal was grafted into a 
normal rat. 

If the abnormality were intrinsic in the lethal cartilage, it might require 
for its development environmental conditions which would encourage 
growth. This seemed probable in view of the abnormally active cellular 
proliferation which occurs in the lethal cartUage in its normal position in 
the animal. As shown above, such conditions are provided by the method 
of subcutaneous implantation but not by that of tissue culture. 

Materials and methods (see Table II). Various cartilages were removed 
from a 6-day (exp. 1) and a :i-day (exp. 2) lethal rat and subcutaneously 
imijlanted into a normal animal. As a control, either part of the cartilage 
to be grafted or the corresponding cartilage from the opposite side was 
fixed and sectioned. In exp. 1 all the hosts were normal litter-mates of the 
donors and received only one graft apiece. In exp. 2 the host into which 
tlie pelvis graft was iinplante<l was a litter-mate of the donor, but the other 
grafts were jdaced in 14-day rats wdiich wci-e unrelated to the donoi's. The 
14-day animals each received two grafts: one of cartilage from the 3 day 
lethal and the other of the corresponding cartilage from a normal litter- 
mate of the lethal. Better results were obtained when the hosts were littcr- 
inates of the donors, possibly because the animals were younger. The 
implants were maintained for periods of 5 50 days, after which the hosts 
were killed and the grafts removed for histological study. 

Results, All the grafts grew vigorously and in all the characteristic lethal 
abnormality advanced markedly. The abnormality developed more slowly 
in the implants than in the lethal animal, probably owing to the fact that 
implanted tissue never grows quite so readily as the same ti.s8ue in its 
normal position in the body. On the other hand, the grafts could be main- 
tained for a much longer period than the short life of the lethal rat, and 

Voi. cx.wii. n 
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liemilt. Tlir Irthal cartilaj|<ci f^niftod into normal rata continiiiKl to develop thrir 
eharact*TLsti(*, iit>]>ic'al hiatology, 

* Uat eaten by foator -mother. f died under anuoathetic. 
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consequently it was possible to obtain the abnormality in a much more 
advanced form in the older implants than is ever seen in the lethal animal 
itself. 

The behaviour of each ty|K5 of graft will be described separately. 

Costal cartilage. At the time of oxplantation the controls showed that 
in the 3-day rib cartilages (fig. 12, Plato 5) the abnormality was similar 
to, but slightly leas advanced than, that in the 4-day ribs described in the 
first part of this communication, whilst in the 6-day cartilages it w^as at the 
same stage as that previously <Icscribod in ribs ol this ago. 

In the 5-8-day implants from the 6-day donor the f)crichondrium was 
proliferating vigorously and had formed largo masses of ‘‘cortical” cartilage 
containing many mitotic figures. 1'ho perichondrium was growing in a much 
more diffuse way tlian in the normally situated lethal rib and the new 
chondrogenic areas seemed to be iienetrating and invading the surrounding 
tissue. Proliferation, tliough much reduced, was still in jirogress in the 
14- and 21 -day grafts. The implants from the 3-duy h^thal showed much 
less peri chond rial proliferation than those from the 6-day animal, possibly 
be(!au8e they had been grafted into older rats. Near the ends of the 
cartilage, however, the perichondrium was growing and forming new carti- 
lage fairly actively. In both series of grafts new tissue w'as sometimes 
produced which resembled osteoid rather than chondroid tissue (fig. 14, 
Plate 6) and in some cases unmistakable coarse-fibred bone had differen- 
tiated although the adjacent cartilage was not of the hypertrophic type 
characteristic of an ossification centre. Perichondrial proliferation had 
stopped completely in the oldest (60-day) grafts. 

Enlargement of the pericellular capsules continued in both series of 
implants. In the two 60-day grafts (fig. 13, Plate 6) they were relatively 
enormous and very dense. The central area of degeneration seen in the 
normally situated lethal rib, increased in the implants and in the 60-day 
grafts had a very remarkable appearance. In azan |)reparations it was 
almost colourless except for an irregular felt-work of darkly stained fibres, 
was very wide and had a sharp outline so that the rib was I'educed for a 
large part of its length to a thick-w ailed tube. 

The normal costal cartilages grafted into the same animals as the 3-day 
lethal ribs elongated greatly but developed none of the abnormalities 
exhibited by the implants of lethal cartilage (figs. 15 and 16, Plate 5; cf. 
fig. 13). 

Trachea. The trachea of the 6-day lethal donor was split longitudinally. 
One half was implanted into a normal litter-mate of the donor and the 
other was fixed and sectioned as a control. 
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In the control half, pericellular capsules which, though distinct were not 
yot very thick, had formed round moat of the peripheral chondroblasts, 
but the interior of the cartilage waa comparatively normal. 

The graft waa fixed after 21 days’ growth when it presented a great 
contrast to the control. It had enlarged very much, nearly all the cells 
were surrounded by capsules which were much broader than in the controls, 
and some perichondria! proliferation was taking place. Near one end of the 
graft, apparently typical bone and osteoid tissue had developed on the 
surface of the cartilage. 

XipJioid process. Two grafts of the xiphoid process of the sternum were 
made, one from the 6-day and the other from the 3-day lethal. Each 
xiphoid was divided longitudinally, one half being ftxed and sectioned as a 
coiitn)! and the other half implanted. 

The xiphoid process from a normal litter-rnate of the 3-day lethal donor 
was treated in a similar way, half being implanted into the same animal 
as the 3-day lethal xiphoid and the other half being fixed. 

In both lethal controls nearly all the cells of the original cartilage were 
encapsulated but the eai)sules, cspeinally in the 3-day specimen, were 
comparatively thin. The proximal part of tlio xiphoid was enclosed by a 
broad cortex of new cartilage, which was much less differemtiated in the 
3-day than in the 6-day xi])hoid. 

Botli grafts were much larger than the (jontrols Tlie 6-day xiphoid 
which was fixed after 8 days’ growth, showed very active formation of 
cortical cartilage throughout most of its length. A f(iw chondrogenic areas 
were also present in the perichondrium of the 3-day xiphoid which had been 
fixed after 14 days’ growth. The pericellular capsules had greatly imjroased 
in size and density in both implants and in the 14-day graft the two 
characteristic zones t)f degeneration had aiipeared between the original and 
the new cortical cartilage, as already described in the normally situated 
lethal xiphoid. 

Tlie implant of the normal half xiphoid had also grown much larger but 
showed no trace of the lethal abnormalities. 

Tarsals, The proximal tarsals of the 3-day lethal were implanted and 
maintained for 50 days. A similar graft obtained from a normal litter- 
mate was implanted in the same host and fixed at the same time. The 
opposite foot from each animal was fixed as a control. 

Ill the lethal control, a few very tine pericellular capsules were present in 
places immedialoly beneath the perichondrium, but otherwise the cartilage 
appeared normal. 

Both grafts had grown very much and were largely ossified, although 
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extensive tracts of unossified cartilage remained. The graft of the lethal 
taraals showed very advanced changes. Tliick, dense pericellular capsules 
had been formed throughout the cartilage. In the normal graft pericellular 
capsules occurred only in regions of endochondral o.ssification where a 
layer of osteoid tissue had been deposited inside the cartilage ch])suIcs 
adjacent to the erosion surface. In the lethal tarsals, the orientation of the 
hypertrof)hic cells was chaotic, the cells being tliatnbuted in irnsgular 
grou|>s or scattered singly, whilst in the normal graft they displayed the 
usual regular, columnar arrangement. In many places tlic lethal implant 
had acquired a broad zone of young cortical cartilage which was absent in 
the normal graft. 

MeJaUirmls. Four metatarsals from the 6-day and four from the 3-day 
lethal were implanted and maintained for periods ranging from 5 to 50 
days. Four metatarsals were also removed from a normal litter-mate of the 
3 -day lethal and grafted into the same animals as the lethal cartilages. The 
opposite foot of all tliree donors was fixed as a control. 

In the 6-day lethal control metatarsals a few fine pericellular capsules 
occurred in the zones of flattened cells immediately beneath the peri- 
chondrium but the cartilage was otherwise normal, rericsollular capsules 
were also present in the 3-day lethal controls, but were so delii^ate that they 
could only bo detected with a high magnification. 

Cafjsule-formation continued in the grafts of the lethal c*artilage and in 
the older implants had spread throughout the small-celled and flattened 
cartilage. In tho grafts of the normal metatarsals, capsules o(!<*urred in the 
oldest (50-day) graft only; these w^ere mostly osteoid deposits of the ty|X5 
described above, and wore restricted to regions of endochondral ossifuiation. 
As in tho implanted tarsals, the flattened cells of the lethal metatarsals 
displayed a chaotic arrangement unlike the orderly columns seen in the 
normal grafts. In t he lethal implants a little new carl ilage was formed at tho 
surface by the perichondrium. 

Ossification had advanced tjonsiderably in both lethal and normal grafts. 
In one of tho lethal implants the jieriosteum of the shaft hiwl pnjlifcratcd 
very actively and formed a relatively large swelling consisting of a mixture 
of secondary cartilage, osteoid tissue and bone. 

It was noteworthy that even after 50 days’ implantation the lethal 
metatarsals did not show the characteristic abnormality in nearly so marked 
a way as did the costal cartilages. 

Pelvis, Perhaps the most striking oxamplo of self-differentiation of the 
lethal abnormality was provided by two grafts of part of the acetabular 
region of tho pelvis. 
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One graft was taken from the 6-day lethal and was maintained for 
14 days, and the other, from the 3-day lethal, was fixed after 60 days. 

Part of each acetabular region was fixed as a control. In the 6-day control 
thin but distinct capsules wore already conspicuous near the periphery 
and perichondrial proliferation had begun. Only a few very delicate 
capsules were present in the 3-day control and there was no perichondrial 
proliferation. 

In the 1 4-day graft from the 6-day lethal, stout capsules enclosed most 
of the chondroblasts and the actively growing perichondrium had in places 
formed a broad cortex of very early cartilage similar to the cortex in the 
normally situated lethal xiphoid process. 

The changes in the 50-day graft taken from the 3-day lethal were still 
more striking, espe(*ially in view of the fact that the cartilage was almost 
normal when implanted. A very broad cortex of new cartilage, the colls of 
which were heavily encapsulated, had been formed on the articular surface 
of the acetabulum. In placjcs perichondrial proliferation was still in progress 
and nodules of very young cartilage were seen. The chondroblasts in the 
zone of flattened cells were arranged in irregular groups sometimes of 
considerable size, and most of them were not cnca])Hulated. Elsewhere 
almost all the clioridroblasts were enclosed by broad, dense capsules. 

Co7iclusion, The abnormality characteristic of the cartilage of the lethal 
rat is intrinsici in the tissue, at least in post-cinbryonic life, and its further 
development does not dep<;nd on general physiological conditions jKJculiar 
to the lethal animal. 


Dxs(nrssiON 

The histological features of the cartilage of tlie lethals, viz. abnormal cell 
proliferation and the formation of dense pericellular capsules, suggest that 
the condition represents a hyper-activity of the chondroblasts. This is 
supported by the fact that when the physiological activity of the tissues 
was depressed, as in the tissue-culture experiments which almost completely 
inhibited growth, the development of the abnormalities was arrested in 
spite of the fact that the tissue remained healthy. The exact nature of the 
abnormality is at present completely obscure, but biochemical experiments 
have been planned in collaboration witli the School of Biochemistry, 
Cambridge, which it is hoped may shed light on this problem. 

The distribution of the abnormal cartilage is peculiar. Whereas ribs and 
trachea are greatly affected, minor anomalies only are found in the larynx 
and the nasal scf)tum. Elsewhere in the skeleton only certain restricted 
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areas develop capsulated cells. It seems, however, as if every cartilage cell 
of the lethals has the potentiality for capsule formation. Thus the trans- 
planted cartilage which lived in a normal host for 50 days developed 
capsules in regions which ordinarily, during the short life-span of a lethal, 
remain almost, if not quite, unaffected. 

The distribution of the anomalous areas cannot be accounted for by the 
assumption of a critical time in development, such that cartilage formed 
before that critical stage remains normal, whereas cartilage formed later 
develops cai)sulos. It has been shown previously (Uruneberg 1938) that 
in the ribs, at any rate, the anomaly is recognizable at birth. 13ut by no 
means all the cartilage formed after birth is abnormal. 

The transplantation experiments show conclusively that both normal 
and abnormal cartilage cells differentiate according to their origin, and 
independently of the general physiological conditions of the host. In the 
case of the lethals, this applies to cells which, at the time of transplantation, 
did not yet show any caj^sules. It is therefore safe to conclude that the 
capsule formation by the cells is not due to a reversible influence which 
acts during or shortly before the actual development of the anomaly. 

The fate of the cartilage cells is therefore irreversibly determined before- 
hand. This situation allows of two possible interpretations. The cartilage 
cells are either <lotermined directly by the genes which they carry, or else 
indirectly by some general physiological conditions of the body which 
acted irreversibly prior to transplantation. Transplantation experiments in 
general can only show that from the time of transplantation onwards, the 
(levelopment was autonomous or self-difforfmtiatiiig ; they cannot exclude 
the possibility of dependent determination earlier in development. We am 
on the whole inclined to regard direct gene action on the cartilage as more 
likely in oxir case. This assumption could be strengthened, though not 
conclusively proved, by tracing the self differentiating powers of the 
cartilage further back in development. Such experiments will be attempted. 

The expenses of this investigation were partly defrayed by the Medical 
Research Council to whom we should like to express our thanks. We are 
also indebted to Mr V. C. Norfield by whom the photomicrographs were 
taken. 


Summary 

1. The two chief abnormalities which characterize the cartilage of the 
lethal rats are (1) the formation of thick capsules around the chondroblasts, 
and (2) very active proliferation and chondrogenesia in the perichondrium. 
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2. In rats of less than 16 hr. these abnormalities liave only just begun lo 
appear. 

3. The abnormalities do not develop in the Siame degree or at the same 
time in all parts of the cartilaginous skeleton. 

4. When cartilage from young lethal rats is explaiited ritro the carti- 
lage survives in a licalthy condition for about 1 2 days, but does not grow, 
and the abnormality progn'sscs little if at all during cultivation. 

5. Normal costal cartilage when imjilanted subcutaneously in young 
lethal rats grows well but remains normal. 

6. Cartilage from young lethal rats when implanted subcutaneously into 
normal rats grows vigorously anti continues to develop its characteristic 
abnormality. (Jiven sufficient time, the trari8))lanted cartilage develops 
the anomalies to an extent never reached during the short life-span of a 
lethal. 


(yOKcnusioxs 

1. The general physiological condition of the post-embryonio lethal rat 
is not responsible for the abnormal development of the cartilage. 

2. The abnormality clmracteristie of lethal cartilage is self-differentiating, 
at least in post-embryonic life. 

3. Whether in early development the gene acts directly or indirectly on 
the chondrogenic cells cannot be determined from the present cxpeiiments 
which refer to post-embryonic material only. 
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ArrKNDix 

It was pointed out previously ((iriineberg 1938) that the lethals suffer 
from an emphysema of the lungs w'hich imiyedos the }>ulmonary circulation. 
To counter these difficulties, the lethals develop a muscular hyjwrtrophy 
of the right side of the heart. Another compensating mc(4ianism familiar 
in human em[)hysema has in the meantime been found in the lethals. As 
the respiratory surhu'c of the lungs is reduced, the haemoglobin content of 
the blood, os measurt^d by Cowcr-Haldnne’s method, and the number of 
erythrocytes increases. The accompanying table shows that in the first 
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litter no significant difFeronco exists between the lethals and their normal 
litter-mates. Later the values for the lethals lie consistently above those of 
the normals. This is yet another example of the fact that some of the 
secondary gene effects in spurious pleiotropLsin are duo to readjustments of 
the body. The organism deals with the pathological situation created by a 
mutant gene in precisely the same manner as if that disturbance had been 
caused by an extrinsic agent. 

The haemoglobin content ((iower-Ualddne^ and number of enjthrocyteH 
(inilliomjmm,^) in the bloi^l oflethaU {L) and their normil Ufter-mtfefi (N) 
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Plato 3 


Fig, 1, Transverse section of a costal cartilage from a lethal rat under 16 hr. old. 
Thm, darkly staining caiisnlos have been formed round the chondroblosts some 
of which are bmucloato. The cells of the perichondrium have began to enlarge. 
(Azon; x 676.) 
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Flo. 2. Tranflvarse section of a costal cartilage from a 3-day lethal rat. The perichon- 
drial cells are proliferating actively. (Azan; x 675.) 

Fxo. 3. Transverse section of a costal cartilage from a normal 3-day rat» litter-mate 
of the lethal from which the rib shown in fig. 2 was taken. Note the compact^ 
fibrous perichondrium, of. fig. 2. (Azan; x 676.) 

Fro. 4. Longitudinal section of the stemiun of a 17-day lethal rat showing a single 
binucleate chondroblaat and its capsule. Note the laminated structure of the 
capsule. (Wilder; carmalum; light green; x 1630.) 

Fig. 5. Longitudinal section of the trachea of a 17-day lethal rat, showing the largo 
capsules several of which contain binuoloate colls. (Azan; x 675.) 

Plato 4 

Fig. 6. Longitudinal section of tho xiphoid process of a 12-day lethal rat. A broad 
“cortex" of now cartilage has been formed on tho upper and lower surfaces of 
tho process. Note tho two degenerate areas immediately below tho cortex. 
(Azan; x 90.) 

Fto. 7. Transverse section of the costal cartilage of tho .5th sternal rib from a lethal 
rat under 16 hr, old. (Azan; x 46.) 

Fio. 8. Transverse section of tho costal cartilage of tho 6th sternal rib from a 17-day 
lethal rat. Note the heavily encapsulated cells and the central area of degenera- 
tion. (Azan; x46.) 

Fio. 9. Transverse section of tho costal cartilage of the 6th sternal rib from a normal 
rat under 16 hr. old, litter-mate to the lethal from which the rib shown in fig. 7 
was taken. (Azan; x45.) 

Fig. 10. Section of tho costal cartilage of the 5th sternal rib from a 17 -day normal 
rat, litter-mate to tho lethal from which the rib shown in fig. 8 was taken. N.B, 
Owing to tho fact that tho posterior rilis of the normal animal are sot at an angle 
to the sternum, this section is slightly oblique, whilst tho section shown in fig. 8 
is transverse as the posterior ribs of the older lothals are ahnost vertical to the 
stornum. Tho relative dificronce in size between the normal and lethal nbs is 
therefore considerably greater than appears in the two photographs. (Azan; 
x45.) 

Plate 5 

Fig. 11 . Transverse section of a costal cartilage from a normal embryo near term, 
which had boon grafted into a 5-day lethal rat. When the graft was removed 
after 10 days' growth, its histological structure was normal. (Azan; x 46.) 

Fio. 12. Transverse section of a (control) costal cartilage from a 3-day lethal rat. 
(Azan; x45.) 

Fig. 13. Transvenio section of a costal cartilage removed from the opposite side of 
the same 3-day lethal rat as that from which the rib shown in fig. 12 was taken. 
This cartilage was grafted into a normal 14-day rat and fixed after 50 days' 
growth. Tho lethal abnormalities have advanced greatly during the period of 
implantation. Cf. fig. 12 and note the great increase in diameter, the much 
greater size and density of the pericellular capsules and the very largo central 
area of degeneration. (Azan; x46.) 
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Fio. 14. IVaxuverae section of a costal cartilage removed from the same 3-day lethal 
rat as that from which the ribs shown in figs. 12 and 13 were taken. The cartilage 
was grafted into a normal 14-day rat and fixed after 7 days’ growth. Note the 
osteoid appearance of the new tissue formed by the perichondrium. (Azan; 
X 180.) 

Fio. 16. Transverse section of a (control) costal cartilage from a 3-day normal rat, 
litter-mate to the lethal rat from which the ribs shown in figs. 12-14 were taken. 
(Azan; x46.) 

Fio. 10. Transverse section of a costal cartilage removed from the opposite aide of the 
same normal rat as that from which the rib shown m fig. 1 5 was obtained. The 
cartilage was grafted into the opposite side of the same 1 4-day normal rat as 
the lethal cartilage shown in fig. 13, and was grown for 60 days. The histological 
structure of the rib is normal, cf. fig. 13. (Azan; x 45.) 
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The association of carcinogenicity and growth-inhibitory 
power in the polycyclic hydrocarbons and 
other substances 

By a. Haddow and A. M. Robinson 
(Communicated by E. L. Kennavoay, F.R. 8 . — Received 9 March 1939) 

Previous papers (Haddow 1935, 1938a; Haddow and Robinson 1937; 
Haddow, Scott and Scott 1937) described the growth-inhibitory action of 
many carcinogenic hydrocarbons and the absence of this property in 
numerous non-carcinogenic compounds of somewhat different structure. 
The possible implications of this association, concerning the mode of action 
of cancer-producing substajices, have already been discussed (Haddow 
19386), but the investigation was extended so as to include certain of 
the benzanthracene homologues which have been found inactive in tests 
for carcinogenic potency. Since such compounds arc of course more 
closely related to the carcinogenic compounds than many of the non- 
caroinogenio compounds previously studied, such an investigation repre- 
sents a rather more searching test of the hypothesis that carcinogenicity 
is dependent on growth-inhibitory power. 

The characteristic inhibitory response, and the technique employed to 
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t Pure specimen gave 2 papillomata only. 
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Table II. Miscellaneous substances 

Kach symbol in (lolnmns 3 and 4 indicates the result of one oxperimont, based 
in tho COSO of spontaneous mouse cancor on a single tumour- bearing animal and for 
the Crockor mouse sarcoma on control and treated groups of 10-14 animals each. 

— no inhibition; _L slight inhibition; + inhibition; 

* inhibition with partial regression 




Inhibitory power against 


Dose 

Spontaneous 

Crocker 


tested 

mouse 

mouse 

Compound 

mg. 

cancer 

sarcoma 18 

Oostrone hen/oat<» 

8 

_L 


^-Indole acetic acid 

1-25 

— 



2*6 

— 



6 

1- 

— 


10 

— 


^-Indole propionic acid 

6 


— 

Phenylncetic acid 

10 


— 

So( hum fl iK)n»ne-9-acetate 

10 

— 


a- Naphthalene aet^tic acid 

6 


— 

Sodium 1 :2-benzanthriu*(mo-5-ac(dato 

5 

— 


Sodium fl-moth>l-l :2-ben/.aiithrac(mc- 




5 -acetate 

5 

+ 4- J ~ - 


l^enzaldehyde 

lot 

— 


Menzidino 

2*5 

— 

— 

Aniline nitrate 

6 


— 

1:3: S-Tnphonylbcmzene 

10 


-t 

A m 1 noa/.obcnzt'iie 

2-5 

— 


4'-Amino-2 : 3'-azotoluene (carcinogenic) 

6 


— 

2'-Ainino-4 . 6'-ttzotoluene 

10 

— 


a-Naf)hthoic acid 

10 

— 


//-Naphthoic acid 

6 


— 


10 

— 


a-Naj)hthol 

10 

- 

— 


2x 10 

± .L 


l-Amino-2-nHphthoI-4-siilphonic acid 

6 


— 

Toluenc-a/.o-2-naphthol (ortho) 

6 


— 

Sodium -//-naphthoquinone sulphonaU* 

5 


— 

a-Xaphthylamine 

26 

— 

— 

// - N aphthylamine 

3 

1 



2 X 2*5 

— 



6 

+ - 



10 


+ 


t Knmlsion in s<*samo oil. 

X Also negative in 26 rng, doses with Walker rat onreinoma 266. 
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Table II (continued) 


/^-Naphthylamino hydrochloride 

0x0*6 

- 



7x0*6 

— 



2*6 

4- 



3 

— 



5 

« 



6-1- 2*6 

— 


y9>Naphlhylamino sulphato 

3 

± - 


Bonzono-azo-y9-naphthylamino 

6 

— 

— 

0 -Tol 1 jHue -azo -^-naph t hy lam ino 

5 


— 

Naphthaleno-azo-naphthylamino 1:1:4 

6 


— 


10 

— 


Naphthalene -azo-naphthylamino 2:1:2 

6 


- 


10 

— 


^/i-Dinaphthyl 

10 

— 



detect it, have been described in detail in the f)apers mentioned. I'he 
present account concerns the results obtained with 96 compounds in 348 
experiments using as test object the Walker rat carcinoma 256, the 
Crocker mouse sarcoma 180, or spontaneous mammary carcinomata in 
the mouse. 

Table I summarizes the itmults with carcinogenic and non-carcinogcnic 
hydrocarbons and derivatives, and with styryl 430, the carcinogenicity of 
which was described by Browning, Gulbransen and Niven (1936). 'ruble T1 
refers to miscellaneous substcances of less direct importance but including 
several (e.g. oestrone benzoate, /f-naphthylamine, o-arnino-azo-toluene) of 
cognate interest. In these tables each symbol represents the result of a 
single experiment, lii the case of spontaneous mouse cancer this was 
assessed from a comparison of the rate of tumour growth, before and after 
administration of the compound under test, in a single tumour-bearing 
animal (Kaddow i938rt). In experiments with the Oocker mouse sarcoma 
180 and the Walker rat carcinoma 266 the result was determined by 
statistical comparison of the mean tumour weight from control and treated 
groups, each containing 10 14 animals, after an average period of 21 days 
from tumour implantation and administration of the compound (Haddow 
and Robinson 1937). With a few oxiseptions mentioned later in the text, 
assessment of carcinogenicity in Table I is based on the published results 
of (>ook, Hieger, Kennaway and Mayneord 1932; ('00k 1932; Barry, Cook, 
Haslewood, Hewett, Hieger and Kennaway 1935; and Bachmann, Cook, 
Dansi, do Worms, Haslewood, Hewett and Robinson 1937. 


ly 
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Discussion 

The sum of results for twenty -eight compounds of proved carcinogenicity 
(carcinogenic activity -f- in Table 1) and twenty-six non-carcinogenio 
compounds (carcinogenic activity — in Table I), together with fourteen 
comjxiunds not given in Table I but tested by Haddow and Robinson 
(i937)»* is shown in Table III. 


Tablk hi 

Number of t'xporiTnents 
m wlii<‘li ri3ault was 

Weak No 

Inhibition inhibition inhibition 

Carcinogonic compounda (34) 148 9 23 

Non-carcinogonic compounds (34) J6 7 63 

Thus, omitting results classed as weak inhibition, ^0*5% of 171 experi- 
ments with carcinogeni(! substances showed inhihil-ion, while 79*7 % of 
seventy-nine experiments with non-cHrcinogonic com|)ounds gave no trace 
of inhibition; the association is undoubted an<l (extremely significant 
circa 100). 

It is believed that this finding lias iminodiale imiiortance with reference 
to the mode of action of carcinogenic substances (see Haddow 19386). 
Attention must, however, be directed to instances where tumour- producing 
compounds were not found to possess inhihitoiy jiroperties (e.g. 5-ethyl- 
l;2-benzanthrac^ne, 2'-methyI-, 9; 10-di-;/-hutyl- and 9. 10-dibenzyl- 
1 :2:6:6-dibenzanthracono, phenanthra-acenaphtheiie). The weakly car- 
ciiiogonic compound 3:4-bcnzphonanthrene, which is of special importance 
on account of its divergence in structure from I * 2-l)enzanthraceno, was 
found to have no inhibitory action on the growth of the (^rocker sarcoma 
180, while its actively carcinogenic 2-methyl-dorivaiivo [iruvod inhibitory 
both towards this tumour and spontaneous niaiiiiimry cancer in the mouse. 

On the other hand, a number of apparently non-carcinogenic compounds 
gave definite indications of inhibitory activity (e g 4' -hydroxy- and 4'- 
mothoxy-3 : 4-bonzpyrcric, 2' .3'-naphtha-3: 4-pyrene). At one stage of the 
investigation the list of such compounds iiuiludcd 3-incthyl- and 7-mothyl- 

* 4-M«tliyl-, 7-m(*thyl- and 5:6-c2/r/«|M*nteiio-l :2*btMi/.unthrucom\ sodium- 
1:2:5: B-dibcnzunthrarono-0 : 1 0-e/i//o-a/?-succMimt<s 9 : l()-dihydroxy-9 : 1 0-di-n-pro- 
pyl-9 : 1 0-dihydri)- 1:2:5: 6-dibonzantliracen«, and 3:4:5: e dibonzacndinc, inhibit- 
ory and carcinogenic; anthracene, phonanthrene, 1 :2-ryf;i!fjpentono-phonanthrene, 
1 -keto- 1:2:3; 4-t<)trahydrophenanthreno, dodecahydro- 1 : 2-benzanthracene, pery - 
lene, 1 :9-bonzantIirone and diphenyleno oxide, non-inhibitory and non-carcinogenio. 
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1 : 2-benzanthracoiie, acenaphthanthracene and 9 : 1 0-dihydroxy-0 : 1 0- 
di-n-propyM): 10-dihydro-l :2:6:6-dibenzanthracene, but later tests for 
carcinogenicity resulted in the production of tumours as follows: acenaph* 
thanthracene : 2 epitheliomata, 1 papilloma; 3-methyl-l :2-benzantbra- 
cene: 10 sarcomata, 1 epithelioma; 7 -inethyl-l : 2 -benzanthraceno: 4 sar- 
comata (all in mice, personal communication from Professor Kennaway); 
7 -raethyl-l :2-benzanthraccne: 1 mouse sarcoma (Shear 1938a); 9:10- 
dihydroxy -9 : 10 -di-;t-propyl -9 : 10 -dihydro - 1 : 2 : 5 • 0 -dibenzanthracene : 
4 sarcomata in rats (Bachmarm and Bratlbuiy 1937). Such evidoncH) ob- 
viously affords additional support to the correlation under discussion. 
With reganl to the carcinogenic activity of 3 -methyl-l : 2-benzanthracene, 
it is of interest that Shear (19386) obtained sarcomata in mice following 
the subcutaneous injection of crystals of both 3 -hydroxy- and 3 -methoxy- 
1 : 2-bonzanthraceno. 

It is obvious that other anomalies may conceivably be due (1) to experi- 
mental error, (2) to individual variability in the test object, and (3) to 
the iiossibility that certain compounds still classed as non-carcinogenic; 
may possess traces of carcinogenic activity. It is also imyjortant to recall 
that there is no absolute standard of carcinogenicity, and that the assess- 
ment of this [>roperty is (kjrived chiefly from exjierimcnts upon the skin 
and subcutaneous tissues of the mouse. 

Special significance is to be attached to the inactivity of those non- 
carcinogeiiic monomethyl and dimethyl <lerivatives of 1 : 2-benzanthracene 
containing a methyl group attached to the angular ring. This is in marked 
contrast with the pronounced inhibitory activity of such (carcinogenic) 
compounds as the 5 :fi- and 6 : 7 -dimothyl- and n/rlof)enteno-benzanthra- 
cenes and the 9 -, 10 - and 9 : lO-dimethyl-benzanthracenes. 

In Table II may bo noted the negative results of administration of small 
doses of o-amino-azo-tolueno which, although capable of proflucing 
hepatoma in rats (Yoshida 1934 a, 6), has not so far led to the appearance 
of tumours locally 011 injection (Nakahara and Fujiwara 1937). Of more 
positive interest are the irregular results obtained with /f-naphthylaraine, 
one of the bases believed to be responsible for the occurrence of papilloma 
and carcinoma of the bladder in dye-workers (see Hueper and Wolfe 1937; 
Huej)er, Wiley and Wolfe 1938). 

In view of the numerous recent reports of the induction of plant tumours 
by the phytohormones (e.g. Hamner and Kraus 193?! Link, Wilcox and 
Link 1937; Brown and (Jardner 1936, 1937), the finding of Zimmerman 
and Wilcoxon (1935) that acetic acids derived from the hydrocarbons 
naphthalene, anthracene and fluorene are capable of causing typical hor- 
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mone reactions in plants, and the description by Leonian and Lilly ( 1937 ) 
of growth-inhibitory effects due to heteroauxin, several experiments were 
carried out with indole-acetic acid and related substances. The results 
obtained were however mostly negative, except in the case of 6-raethyl- 
1 : 2-benzanthraceno-5-acetic acid. 

We wish to thank the British Empire Cancer (Campaign and the Inter- 
national Cancer Research Foundation for maintenance and expenses 
grants (to A. H. and A. M. R., respectively). Wo are also indebted to 
Professor J. W. (\)ok, F.R.H., for his advice in the selection of compounds 
and for su])ervising their preparation. Acknowledgments are also due to 
Dr W. E. Bachmann for the gift of specimens of 9: 10-dimethyl- 1 : 2- 
benzanthracenc and 1 :2-bonzanthra(‘enc-5-acetic acid, to Professor C. H. 
Browning, F.R.S., for styryl 430, to Mr F. L. Warr'cn for 9: 10-dimethyl 
anthracene and the m-dimethyl ester of 1 : 2 * 6 H-dibenzanthracene- 
9: l()-f2wdo-a/?-succinic acid, and to Roche Products, Ltd., for 3:4:5:6- 
dibenzcarbazole. 


Summary 

The results are given for 348 experiments in which 90 compounds were 
tested for their action on the growth of the Walker rat carcinoma 250, the 
Crocker mouse sarcoma 180, or spontaneous mammary cancicr of the 
mouse. 80*5% of 171 experiments wdth 34 carcinogenic substances 
resulted in growth inhibition, while 79*7% of 70 experiments with 34 
non-carcinogenic compounds gave no trace of inhibition. There is therefore 
a close statistical association of the biological properties of carcinogenicity 
and growth-inhibitory power. 
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Adrenaline and muscular exorcise 

By F, C. Courttck, Beit Memorial Research Fellow, 

C. G. Douglas, F.R.S. and J. (J. Priestlky 
Frofn the Physiological Laboratory, Oxford 

(Received 27 March 1939) 

The mobilization of liver glycogen under the influence of adrenaline 
has generally boon rogarded as a factor which may bo of imi)ortanco during 
muscular exercise, since it may facdlitate the transference of glucose to the 
active muscles. It is, however, by no means clear whether or not this will 
result in an enhanced use of carboliydraie as a source of energy in the 
muscles. Dill, Edwards and de Meio (1935) found that a subcutaneous 
injection of 0-5-1 -0 ing. adrenaline during muscular work increases the 
respiratory quotient and the concentration of glucose and lactic acid in 
the l)lood, and concluded that the risc5 of (|Uotient is mainly duo to an 
increase in the proportion of carbohyilrate oxidized. We ourselves (Courtice, 
Douglas and Priestley 1939), after following in detail the behaviour of tlic 
I’espiratory quotient after the administration of adrenaline and insulin 
to the resting subject, felt doubtful Avhether this conclusion was justified, 
and we have now made a further series of observations on the influence of 
the subcutaneous injection of adi*eiialine during muscular exercise. 

Wo have followed the same general i)rocedure as in our previous experi- 
ments, using the same methods for the determination of the respiratory 
exchange, the concentration of glucose and lactic acid in the blood, and 
the CO2 combining ])ower of the blood, 'J'he subject was always m the 
post-absorptive state. After making ])reliminary determinations of the 
respiratory exchange and taking blood samples whilst at complete rest 
reclining in a deck chair, continuous work was done at a steady rate on 
a Krogh electric brake bicycle ergometer for a jicriod of 2J-3 hr., conditions 
being kept comfortable by the draught from an olc(‘tric fan. We restricted 
our observations to either light or moderate work so that there should be 
no risk of the added complication of the accumulation of a material excess 
of lactic acid in the blood as a result of the mere muscular activity, as 
well as to avoid fatigue since neither of the two subjecits, Courtice and 
Douglas, were in athletic training. We felt, too, that any change in the 
respiratory (piotient caused by adrenaline might become relatively insig- 
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nificant, and therefore more difficult to interpret, if the total respiratory 
exchange were greatly exaggerated. Light work was equivalent to 210 
kg.m./min., involving an oxygen consumption during the first half hour of 
about 680 c.c./min. in Courtice and 760 c.c. in Douglas, or rather more than 
thrice the resting metabolism, and moderate work was equivalent to 
700 kg.m./min., involving an oxygen consumption during the first half 
hour of about 1540 c.c./min. in Courtice, or seven times the resting 
metabolism. Adrenaline chloride (Parke, Davis and Co., 1 : 1000 solution) 
was injected subcutaneously into the upper arm after the work had been 
in progress for half an hour. 

Figs. 1 and 2 show the results in Courtice and Douglas respectively 
of the injection of 0*5 and 1-0 mg. adrenaline during muscular w'ork 
of 210 kg.m./inin., a control experiment in which no adrenaline was ad- 
ministered being given in each case. Fig. 3 sliows the results on Courtice 
of the injection of 0-5 and LO mg. adrenaline during muscular work of 
700 kg.m./min. 

In the control experiments shown in figs. 1 and 2 the blood-sugar con- 
centrations show a slight tendency to fall, particularly in the last hour of 
the work, but apart from this there is no striking alteration. The lactic 
acid concentration in the blood remains unchanged at the ])reliininary 
resting level, anti tliere is at most but a trivial change in the CO^ combining 
power of the blood. In Courtice there is no significant alteration of the 
respiratory quotient when the ^vork begins, though the ({uotient falls very 
gradually throughout the work period. In Douglas there is an immediate 
rise of the quotient when the work begins, and this is succeeded by a distinct 
fall in the first half hour: after this the (luoticnt shows a tendency to fall 
gradually, tliough slightly, in the remainder of the w'ork period. With 
work of 700 kg.m./miu. Courtice showed a rise of quotient in control 
experiments during tlie earlier stages of the w^ork similar to that shown by 
Douglas with w^ork of 210 kg.m./min. In one such control experiment 
the work caused no change in the lacticj acid concentration in the blood, 
but in another there w^as a sliglit increase in this concentration during the 
first half liour similar to that shown in fig. 3 before the injectk>ii of 
adrenaline, and the lactic acid concentration remained at this higher level 
for the rest of the work period. Tfi fig. 3, therefore, the lactic acid excess 
due to adrenaline must be regarded as superimposed on the small increase 
of lactic acid w'hich is liable to bo formed in this subject with this degree 
of work on the ergomotcr. 

In the experiments in which adrenaline w^as administered the course 
of events up to the moment of injection (at the end of the first half hour’s 

ao-a 
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work) is the same as in the controls. As a result of the injection there is 
a rapid increase in the concentration of lactic acid, and a fall in the OO 2 
combining power, of the blood, followed by a steady fall in the concentra- 
tion of lactic acid and rise in the COg combining power. Tn one experiment 
on Douglas (fig. 2) the lactic acid concentration in the blood is still above 



riiinutea 

Fig. 1. Subject Courtico. Efft^ct of siibeiitaneous injection of odrcnalmo on the blood 
3ugar, blood lactic acid (mg./lOO c.c.), COj combining power of the blood at 40 mm. 
rO, pressure (in c.c. COj/100 c.c.), and respiratory quotient. Work of 210 kg.m./rnin. 
Work bogan at 0 min. and adrenaline was injected nt 30 min. x Control — no 
adrenaline. O 0*6 ing. adrenaline. 0 1*0 mg. adrenaline. 
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its normal value when the experiment stops: in the other experiments 
both blood lactic acid and CO2 combining power had returned to the resting 
level by the end of the experiment. 



iniiiiitos 

Fio. 2. Subject Douglas. Work of 210 kg.m./min. Fop description soo fig. 1. 

X Control — no adronalmo, O 0*5 mg. adronalino. # 1*0 mg. lulronaline. 

Bang (1936) has shown that in mild or moderate exercise excess lactic 
acid is actually formed during the first few minutes of muscular work and 
that this excess subsequently disappears as the work continues, so that 
a little later on no more lactic acid may be found in the blood than that 
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which is always present in the subject during rest : moreover, the rate of 
disappearance of this initial excess of lactic acid is apparently uninfluenced 
if the 8ubje<!t ceases work and resumes rest. Comparison of our present 



Flu. 3. Subject CVnjrticc, Work of 700 kg.m./niiri. For iloscription see fig. 1. 

O log- adn^iialine. • 1*0 lug. fulronalirie. 

scries of exiicriments witii those deijicted in figs. 7 and 8 of our previous 
paper, when tlie subjects were at comidete rest, shows that after the injec- 
tion of 0-5 mg. adrenaline the concentration of excess lactic acid in the 
blood mounts to about the same value, and that this excess disappears at 
about the same rate, in the two cases. The removal of excess lactic acid 
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formed as a result of adrenaline injection can therefore be as rapid a process 
during moderate muscular work as during rest. The injection of 1 *0 mg. 
adrenaline causes a more pronounced increase in the lactic acid concentra- 
tion in the blood, but the excess is subsequently removed during the 
muscular work at a rate comparable with that found with the smaller dose. 
The combining power of the blood varies in correspondence with the 
changes in lactic acid content, falling as the lactic acid concentration rises 
and recovering its normal level as the excess lactic acid disappears. 

The blood-sugar concentration rises rapidly after the injection of adrena- 
line, attaining its maximum after about 40 inin., and, after maintaining 
a steady level for a short time, subsides to the control level which is regained 
2-2J hr. after the injection. The effect on the blood-sugar concentration 
is naturally more pronoun(ied when the dose of tulrenalinc is increased 
from 0-5 to 1*0 mg. (.Comparison with the earlier experiments sliows that 
the initial rise of blood sugar is loss, and recovery more rapid, during work 
than during rest, this difference being accentuated the Imrder the work. 

That the behaviour of the hactic acid concentration in tlie blood after 
adrenaline injection should be much the same during work as during rest, 
while the hyperglycaeniia is reduced by exercise, is not surprising. The 
blood flow through the active muscles will be grt^atly increased and glucose 
sot free in the liver will presumably be the more rapidly removed from the 
circulating blood by the muscles, particularly if there is an associated 
incretiso in the secretion of insulin. On the other hand, the blood flow 
through the liver need not necessarily show any groat alteration from that 
found during rest, since it will bo in part governed by any com])ensatory 
constriction of blood vessels in the splanchnic; area that may occur. If all, 
or most, of the lactic acid fonned in the muscles is removed by the liver, 
as Cori maintains, the rate of removal of excess lactic acid from the blood 
may thus be little affected by exercise. 

In our previous experiments the injection of adrenaline into the resting 
subject was followed by an increase in the oxygen consumption which was 
evident for 2 hr. or more. During actual muscular work a similar slight 
increase in oxygen consumyjtiun above the figure shown in control experi- 
ments was apparent in Courtice, but only in Douglas after a dose of 1 -0 mg. 
adrenaline. The injection of adrenaline during muscular work is followed 
by a rapid temporary increase in the respiratory quotient. The highest 
value is reached after about 10 min., and within about half an hour the 
quotient has regained its normal level. This rise of quotient occurs whilst 
excess lactic acid is accumulating in the blood and the (yOg combining 
power of the blood is falling. As we had to withdraw on each occasion 
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10-16 c.c. of blood by puncture of a vein in the forearm to permit of the 
determination of the lactic acid concentration and the CO 2 combining 
power of the blood, wo were compelled to limit the number of vone- 
j)uncture« 3 , and for this reason the first withdrawal of blood after the 
injection of adrenaline w^as made after the lapse of 30 min. The lactic acid 
concentration found at this time does not therefore necessarily represent 
the true maximmn; this may well have l>een i*eadicd at an earlier stage. 
For this reason it is impossible to correlate the rise of respiratory quotient 
accurately with the observed changes in the concentration of lactic acid 
in the blood, but it would certainly a])pear that a large part, and perhaps 
the whole, of this cliange of quotient must be consequent on the rapid 
increase in blood lactic acid and fall in COg combining power. If we are 
inclined to attribute this rise of quotient, at least in part, to an increase 
in the proportion of carbohydrate to fat oxidized, we have to face the 
difiiculty that the quotient is only above its initial level whilst the blood- 
sugar concentration is rising and has regained the initial level while the 
blood-sugar concentration is still maximal, and that the behaviour of the 
quotient in the later stages of the experiments affords no certain indication 
of enhanced carbohydrate oxidation in spite of the fa(‘t that the blood-sugar 
concentration remains for long above its normal resting level. 

If the rise of respiratory (pjotient represents the expulsion of COg as 
excess lactic acid accumulates and reacts with bicarbonate, it will become 
less obvious the more severe the muscular work owing to the increase in 
the total CO 2 output, unless the excess of (X )2 expelled incroasos pro- 
portionally to the metaholism. Our results show that for a given dose of 
adrenaline the resultant rise of quotient is always less during work than 
during rest, and becomes still smaller if the work is increased in severity. 
If this explanation is correct we should expect to find evidence of a corre- 
sponding retention of (Xlg at a later stage as the excess lactic acid is removed, 
and the quotient should fall to an abnormally low level and finally regain 
a normal level when the whole of the excess has disappeared. It is easy to 
see this in the resting subject as we have shown in our previous paper, but 
the case is different during muscular work. Take for instance the experi- 
ment on Courtice, shown in fig. I, when 1-Og. adrenaline was administered. 
The respiratory quotient just before the adrenaline was injected was 0*82. 
In the ensuing half hour, during which six consocutivo observations of the 
total respiratory exchange were made, the quotient was above this figure. 
Assuming that this rise of quotient was determined solely by the expulsion 
of COg derived from the neutralization of bicarbonate by the excess lactic 
acid formed, the total extra COg due to this, i.e, the quantity in excess 
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of that required to give a uniform quotient of 0-82, amounts to 1116 c.c. 
in this half hour. The excess lactic acid which was present in the blood at 
the end of this time gradually disappear, and 2 hr. later the lactic acid 
concentration in the blood was at its original resting level. The elimination 
of the excess was probably complete half an hour earlier since the respiratory 
quotient had mounted to a level which remained steady during this half 
hour at a value slightly above the initial figure. It is fair, therefore, to regard 
the possible period of COg retention as limited to the preceding 90 min., 
during which time the average respiratory exchange per minute was 743 c.c. 
oxygen and 006 c.c. COg, giving a respiratory (piotient of 0-816. If the COg 
output were reduced because during this 90 min. a volume of COg equal 
to that expelled owing to the original accumulation of lactic acid, viz. 
1115 C.C., had to be retained, an average of about 12 c.c./min., the average 
quotient would only be 0*017 lower than in the absence of such retention. 
It is evident that for any given <piantity of COg expelled and subsequently 
retained the influence on the respiratory quotient of a retention winch is 
spread out over so long a period will become the less conspicuous the greater 
the respiratory exchange, and that a change of quotient that is obvious 
during rest may become difficult to detect during muscular work. 

We have, moreover, found in our experiments that the calculated excess 
VO 2 production (i.e. the amount above that reciuired to give the same 
respiratory quotient as that prevailing before the administration of adrena- 
luie) during the period of high quotient after the injection varies considerably 
in the different experiment-s, even when the dose of adrenaline is the same, 
as is shown in the atjcompatiying table. 



C.c. 

excess COj expelled during 



Work of 

% 

\V ork of 


Rest 

Coiirticn 

210 kg.m./min. 

700 kg.m./mm. 

0*6 mg. adreiialmo 

610 

385 

550 


350 

— 

— 

1*0 mg. adrenaline 

740 

Douglas 

1115 

1485 

0*5 mg, adrenaline 

1180 

580 

— 


420 

— 

— 

1-0 mg. adrenaline 

720 

1540 

— 

' — 

1900 

- - 


This is inevitable when so many variable factors are involved —the rate 
at which adrenaline is absorbed from the site of injection, which must be 
influenced by the degree of local vasoconstriction, and the speed with 
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which it is distributed to the muscles and liver, any factors which may tend 
to inactivate adrenaline, and the time taken for a balance to bo struck 
between the production of lactic acid in the muscles and its removal by 
the liver. The smaller the initial excess of COg that is expelled the less easy 
will it bo to identify any change in quotient caused by subsequent retention. 

In spite of the difficulties the exjjerirnents shown in figs. 1-3 afford 
several instances in which the disap{)earance of the initial high quotient 
is follo^\ed by a further downward trend of the quotient with final recovery 
to a higher level while the lactic acid concentration in the blood is slowly 
subsiding. This is shown in both experiments on Courti(!e in fig. 1 with 
work of 210 kg.m./inin., and in one on the same subject in fig. 3 with work 
of 700 kg.m./min., hut not in the other in the Scamc figure when 0*5 mg. 
adrenJiline was given. In one of the experimenfs on Douglas, shown in 
fig. 2 (work of 210 kg.m./min.), in which 0-5 mg. adrenaline was admini- 
stered, the quotient, after an initial rise, falls to a lower level than that 
which would otherwise be expected during the work and remains at this 
level until the end of the exi)erimcnt, but it will be noted that this was the 
one instance in which lactic? acid was still present in excess in the blood 
when the experiment was stopped 2 hr. after the aclrtmaline injection. In 
the other experiment, in fig. 2, the values for the respiratory quotient during 
the last half hour are rather too irregular to justify any definite statement. 

It seems fiO us, therefore, that the evidence afforded by these experiments 
justifies the conclusion that the changes of res])irat<)ry quotient which 
result from a single subcutaneous injection of adrenaline during light or 
moderate muscular exercise are consequent on the formation and subse- 
quent disappearance of excess lactic acid in the blood, and gives no 
indication of any increase in the proportion of carbohydrate to fat oxidi/.ed 
in spite of the increased mobilization of liver glycogen and long maintained 
rise of blood-sugar concentration. 


SUMMAEY 

1, The effect of a single subcutaneous injection of adrenaline has been 
studied in two subjects during light and moderate muscular exercise. 

2. Hyperglycoemia caused by a given dose of adrenaline is less during 
exercise than during rest, while the concentration of excess lactic acid 
in the blood is much the same in the two cases. The excess lactic acid 
disappears from the blood practically as rapidly during exercise as during 
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3. The changes of respiratory cpiotient, when followed in detail, appear 
to depend on the accumulation and subsequent disappearance of excess 
lactic acid, and afford no evidence that there is an enhanced oxidation of 
carbohydrate in spite of the long maintained rise of blood -sugar concentra- 
tion. 
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Recovery heat in niu.sclc 

By a. V. Hill, Sec.R.S. 

Frmn the Department of Physiology ^ Umversity College, London 
{Received 11 May 1039) 

It has been suggested (Sacks 1938, p. 222) “that the post-stimulation 
heat (in muscle) merely represents the inertia of the tissue in returning to 
the resting metabolic level after a burst of activity”. It is true that the 
recovery heat after a single cx>ntraction, as ordinarily observed, uould not 
mean a very large increment in the resting metabolic rate, and that for 
single contractions it can be accurately measured only by assuming the 
resting heat rate as a constant base-line. Single contractions, however, 
have not provided the only, or indeed the strongest, evidence for the 
existence of the recovery heat ; for example : 

(i) Hill (1928a, p. 18S) showed that if oxygen is admitted to a muscle 
previously stimulated in nitrogen a largo and prolonged heat production 
occurs: this exixjriment is regularly given as a class demonstration in this 
laboratory ; 

(ii) Hill (1928a, p. 186) showed that during and after a long regular 
series of twitches the heat production in oxygen is considerably, not 
slightly, greater than it is in nitrogen; 
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(iii) Bugnard (1934) examined the relation between total heat and initial 
heat during the steady state due to a regular series of shocks in oxygen. 
The recovery heat, as usual, was about ecpial to the initial heat. Its 
accumulated rate, however, was high, not low as after a single contraction. 
An amount of recovery heat equal to the initial heat occurred every half 
minute (the interval between shocks) throughout the steady state. The 
heat rate during the interval between two shocks w^as about three times 
that of the resting muscle. 

Equally convincing evidence, how'ever, of the reality of the recovery 
heat is provided by its quantitative consistency under a variety of con- 
ditions. It will be shown that the ratio of total to initial heat is the same 
in the following circumstances (frog’s sartorius, O'" (3): 

(а) for a simjle isometric tetanus of duration from 2 to 24 sec. ; 

(б) for a series of isometric tetani fluring a steady state ; 

and is equal to the ratio of (total heat + work) to (initial heat + work) : 

(c) for a single tetanus with maximum work; 

(d) for a series of such tetani during a steady state. 

Moreover, during a steady state of activity the recovery heat rate may 
be so groat that it cannot very reasonably be attributed to an increase in 
the resting metabolism. 


Method 

The present experiments have been made at (' on the sartorii of active 
English frogs. There are several advantages in working at 0°C: (i) no 
ordinary thermostat compart^s for fionstancy of tcinj^erature with a w'ell- 
stirred mixture of ice and water: this constancy ensures a constant base- 
line ; after stimulation of the muscle the galvanometer usually returned to 
its original y)osition within 1 mm., i e. within 6 x 10“®'^ (J; (ii) at 0° C the 
vapour pressure of water is very small, and errors duo to changes of vayjour 
pressure are insignificant ; (iii) at 0° C the muscle retains its heat rather 
better, since loss of heat by evaporation and conduction through tho gas 
is less; (iv) the processes in muscle occur so slowly at 0° C) that they can 
be analysed with greater accuracy; and (v) at O'" C provided that it has 
been soaked for a long preliminary period in Ringer’s solution to avoid 
“reversible inexcitability”, a muscle gives very constant results for many 
hours, oven during “steady” stimulation (at not too high a rate). 

The thermopiles used in the present investigation were the rapid ones 
recently described (Hill 1937, 1938). They are very well insulated, so that 
no galvanic ejffcfits disturb the base-line. They are “protected ”, so avoiding 
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errors due to movement of the muscle. Readings in absolute temperature 
units are obtained directly by calculation, without calibration by heating 
the muscle. Comjiared with other tliermopiles they lose their heat rather 
slowly. Their most important advantage, however, is that the heat loss is 
precisely exponential, so allowing a simple and exact analysis of the 
readings. With all the older thermopiles the rate of heat loss followed no 
simple relation and a laborious numerical analysis, based on a ‘‘heating 
control”, was necessary (cf. Hartree 1932). With the present thermopiles, 
once the maximum deflexion is reached, the rat^^ of heat loss at any moment 
is proportional to the deflexion at that moment, and a single constant 
provides an exact correction for heat loss. 

This property of the thermopiles is tested, and the constant determined 
for each muscle, as follows. A high-frequency alternating current is led 
to the stimulating electrodes at the ojids of the thermopile and short- 
circuited by a Morse key. The key is opened for a short time, and the 
muscle is heated (but not stimulated). The deflexion is observed every 
3 sec. on the scale, time signals being supplied by a Jaquet clock and a 
telephone. The logarithm of the deflexion is plotted against the time, and 
gives a straight line. The aloj^e of this line supplies the constant required 
for calculating the heat loss. 

Lot the falling deflexion be where t is in minutes. Plot log,oe“*^ 
against and measure the time for the logarithm to decrease by unity; 
then = and A = 1 /0'4343/i . The usual value of k for a muscle of 
ordinary size in oxygen at 0° ii on thermopile is about 2*1, It can be 
shown that for a production of heat distributed in any manner in time the 
heat loss up to any moment, to be added to the deflexion at that moment 
to give the total heat corrected for heat loss, is simply k times the area of 
the deflexion-time curve up to that moment. All that is necessary is to 
plot deflexion (in mm.) against time (in minutes), and to work out the 
area (in mm. xmin.). This area multiplied by k is added to the deflexion 
and gives the total heat (in mm. deflexion) corrected for heat loss. 

It has been assuintnl that the galvanoinetor follows tho Uimporatiire of the muscle 
exactly. Tn tho present ox|>eriment3 the galvanometer (constnioted by Mr A, C. 
Downing) had a period of 1*28 soc. It follows the tornporature of the muscle closely 
enough, within about 1*2 sec. after the boat is produc(»d. 

This property of the thermopile makes it possible to correct simply for 
two errors in the measurement of the initial heat: (a) heat loss and (6) un- 
equal distribution of heat across the muscle. In most previous work tho 
maximum deflexion of the galvanometer was taken as a measure of the 
initial heat. The maximum, however, may be reached so late, particularly 
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if tiie initial heat production occupies several seconds and with long stimuli, 
that considerable heat loss may have occurred by then. In the past this 
error was avoided to some degree by using a slower recording system and 
comparing the deflexion with that artificially produced by heating the 
muscle for the same time as tlie stimulus (cf. Feng 1931). Heat loss was 
approximately the same in both. With the present method (Hill 1938) of 
direct calculation of the sensitivity the full effect of heat loss occurs. If, 
however, the deflexion be observed every 3 see., during and for (say) 16 sec. 
after the stimulus, and if the correction for heat loss bo applied as described 
above to the curve so obtained, the initial heat is found as the initial 
constant level of the corrected curve, from which a later slow rise occurs 
as recovery sets in. It is simpler, and for sliort contractions nearly as 
accurate, to plot the logarithm of the deflexion against tlio time, and to 
extrapolate the straight line so obtained backwards to the middle of the 
stimulus (which is about the “centre of gravity” of the initial heat). This 
can be done very easily with semi -logarithmic paper. For longer contrac- 
tions it is more accurate to apply the full correction, and that has been 
done in tfio present experiments. In this way a sharp distinction is drawn 
between initial and recovery heat and, for both, allow^anco can be made 
accurately for heat loss. Moi*eover, any inequalities in the distribution of 
heat across the muscle, either during contraction or in relaxation (cf. 
Hill 1938, ]). 109 ), are smoothed out in this way, since (i) extrapolation can 
bo done sufficiently accurately from the later rt^adings made at a time 
when the heat has been uniformly redistributed, or (ii) the constant level 
of the cori’Ccted curve is reached after such redistribution is complete. 

Tho nito of heat loss of a muscio on 11 thennojnle js dotcmiinfHl by thn>o factors: 

(а) conduction of heat along tho wires; 

(б) conduction of heat through tlio surrounding gas; 

(c) ovuporation of water from tlio ifiu.Hele, duo to tho fact that so long as it is at 
a higher toinp(*mtiire its vapour pressure is gn^ator than tliat of the .solution in 
the chamber. 

A thermopile with const an tan -inunganin couples, was testod in air and m 
hydrogen, at 0'^ and at 20"^ C. Tho same muscle was ufl<'d in tho four cases. The 
values of the coeflicient of heat loss, were as follows : 

Air; 0°C, A:=2 31; 20° C, = 2*91. 

Hj: 0°C, A: = 4-45; 20°C, A = 6-15. 

This allows us to evaluate tho importance of the three factors in heat loss. Suppose 
that h is the sum of three A:’s, each duo to one of the factors (a), (6), (c) above. Then 
at 0° C in air 
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Now at 0® C in hydrogen will be unaltered, will be increased about 7 times, 
and will be increaaod in the ratio of the difTiisioii constant of water vapour through 
hydrogen to that through uir, viz. 3*6 times, Tims 

k^ + + 3*54^0 = 4*45. 

Now raising the temperature to 20" C iucroosos the thermal conductivity of tlio 
metals by about 6%, anil that of air and hydrogen by about the same amount. 
Tt increases tlio vapour ju’essuro 3-H times and tho rate of diffusion of wat<*r vapour 
through tho gas 1*17 times; and thert'foii} increases tho rate of heat loss by evaporation 
3*8 X 1*17 = 4*45 times. Hence 

1*051;^+ l-06A-fc + 4*45A:e = 2*91 
and 1 *05A:^ + 7*35ite, + 1 5*«A*, = tt* 1 5. 

Solution of theso oipiations giv«‘s, for air at 0^ O, 

k^ = 1*90, kf, = 0-28, k^ = 0*133. 

Thus at 0" C ill air thermal conduction by tht» wiii^ is 7 times as important os con- 
iluetion through the giLS and 14 tunes os important as ovaporatiou. 

For air at 20" C the values become respectively: 

I'OSA;. := 2*00, 1*05*6 = 0*29, 4*45*^ = 0*59; total 2 88 (obs. 2*91). 

For air at 30" C 


1*07 5*« = 2 04, 1*075*6 = 0*30, 8*«8*, = 1*15; t^tal 3*49. 

and for air at 40" C 

M0*„ = 2*09, 110*6 = 0*31, ltt*l*, = 2*14; total 4*54. 

At higher ti^uijicratun^H tho museh* loses heat considerably mort? ipiickJy, owing 
chiefly to e\aporation. 

Tho above calculation, based on data taken from Landolt-Hornstem's tabk^s, is 
only rough. It gives, however, a gi»neral uiidci*standing of tliese instruments. 
Similar reasoning would apjily to other gasi's. For oxygen and nitiogisi fortunately 
the values are lusirly identical so that lieiit loss from a muscle in oxygen is practioally 
the same, cxci'pt at high teTnjieratuix', as in nitrogen. In fOg the rale of heat loss 
would be appreciably less. 

For tb(»rnu)pile i\ (palladium -gold iron coujiles) winch has a much lower electrical 
resistance and corn^spondiiigly a tugher thermal conductivity, the same muscle 
gave a * of 2*88 in air at Pn^sumably A*6 + *c = 9 41 was tho same as with 

thermopile Fj, so that *« = 2*4.>, compared with k\ ~~ 1*99 for thciiuo[)ile I\. 


Experimknts 

(1) Re.covery after a single cmiiraction 

CoiiBuler first the single isometric tetanic contraction. A [lair of frog’s 
sartorii is mounted on one of the thermopiles referred to above, immersed 
in oxygenated phosphate -buffered liinger’s solution at i)H. 7-2 (10 mg. 
P/lOOc.c.) and left for lOlir. at 0" C. Tho Ringer’s solution is replaced 
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by oxygen, and the smalleHt tttiinuluH (condenser discharge) for maximal 
response determined. This was usually about 6 V, 0 05 fi¥, and the fre- 
quency was about 10 shocks each way per second. If necessary the energy 
in the stiniulus (wliicli a])pcars as part of the initial heat) can be allowed 
for: it is usually negligible, but if f)recautions are not taken to use a suitable 
stimulus it may be important. 

It is now necessary to wait for 40 min. to allow recovery to bo completed 
from these ])relimmary stimuli. The zero is then carefully recorded. The 
clock is started with its 3 sec. audible time signals. The stimulus is set to 
begin at one of them. The galvanometer deflexion is then read, at first 
every 3 sec., later at longer intervals, until at 30-40 min. it lias returned 
to zero. The process can be repeated for the same, or a different, duration 
of stimulus. Successive stimuli give closely similar readings, and the 
muscle will give constant results all day. 

The curves constructed from the readings are coriected for heat loss by 
the method described above, to give initial and total heat. The initial 
heat appears as the early constant level a^ac'hcd by the corrected curve 
soon after relaxation is complete. The recovery heat is represented by the 
gradual upward movement of the corrected curve from this initial constant 
level. The time course of the recovery heat, most rajrid at first, decreasing 
in rate gradually to zero at 30-40 min., will be described elsewhere by 
D, K. Hill for comparison with his observations of the oxygen consumption 
of muscle (see D. K. Hill 1939). Here total quantities alone will be referred 
to (see Table T below). For total heat, only the whole area of the curve 
need be measured, and no analysis is required. 

The initial heat of the isometric contraction contains a certain amount 
of work which is turned into heat in relaxation -work done in stretching 
the tendon, chain and lever (see Hill 1938). With the Levin-Wymari 
ergometer (Levin and Wyman 1927) about 40 of tlic initial energy may 
appear as work, and the experiment described above can be made with a 
single tetanic contraction in which the muscle shortens at a speed designed 
to give about maximum efficiency. The recovery heat is then compared 
with the initial energy (see Table I). 

(2) Recovery during a steady series of isometric contractions 

A muscle is subjected to a regular series of maximal stimuli, e.g. a single 
shock every J min. (cf. Bugnard 1934), or a 1-6 sec. tetanus every 2-5 min. 
At the end of about 30 min. a steady condition is reached in which the 
response becomes uniform, and the amount of recovery in each interval is 
equal to that required for one of the contractions. Extremely constant 
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results are obtained, if desired for hours, in this way. It is found that the 
rate of recovery heat production, accumulated from all the preceding 
contractions of the previous 30-40 min., is nearly constant throughout, 
being slightly greater at the beginning than at the end of each interval, 
and having a value about 3-6 times the normal rate of heat production 
at rest. This high value of the recovery heat rate means that a small 
alteration in the resting heat rate due to activity, i.e. a temporary change 
in the base-line, would have very little effect on the calculation. At the 
end of the period of steady stimulation the deflexion gradually returns to 
its resting zero, which is either the same or nearly the same as that initially 
observed. In the latter case an interpolated Vcalue is used corresponding 
to the time when the deflexions were observed during steady activity. 

During each interval the deflexion was noted every 3 sec. at first, and 
then less frequently. Usually observations wore made througliout ten 
successive intervals and the means taken . actually the successive readings 
were nearly identical. The initial heat was determined from the beginning 
of the curve by correcting for licat loss in the manner described above, the 
assumed base-line for this being the continuation of the very gradually 
falling curve at the end of the interval: the initial heat is then simply the 
sudden rise of the corrected curve immediately following stimulation. The 
total heat y\as taken as the area of the curve, for a single interval, above 
the base-line determined as above from the initial and final resting readings. 
This area (in mm, x min.) multiplied by k is compared directly with the 
initial heat in mm. 

If tlie stimuli were too frequent or too long no steady state would be 
possible; recovery could not keep pace with initial breakdown. Successive 
responses would then become progressively less until cither {a) the muscle 
failed, or (b) the condition became steady with a diminished initial break- 
down. When the response remains constant for 40-50 rain., after 30-40 min. 
of initiation, it can safely be assumed that the cemdition is steady. During 
the period of initiation the response slightly diminishes in successive con- 
tractions until t-he steady condition is reached. After stimulcation is over 
the dctlexioii returns in about an hour to its resting value. The whole 
process can then bo repeated exactly, the muscle remaining in a constant 
condition all day; or other experiments can be made on it. 

(3) Recovery during a steady series of contractions with maxinujl work 

An investigation of the maximal mcchanic.al efficiency of fi'og’s muscle 
required, for comy>arison with that of human muscle, that the whole 
process, not merely the initial process, should be taken into account. The 


Vol. CXXVII. B. 



304 


A. V. HUl 


efficiency of human muscular movement has usually been determined 
during a state of steady exercise, and it was desirable to measure the 
efficiency of frog’s muscle under similar conditions. It has hitherto been 
assumed that the ratio (work)/(total initial energy) could simply bo divided 
by 2 to give the total efficiency, since the total energy was probably about 
twice the initial energy. This assumption, which })roves to be correct, had 
no direct evidence to support it for the case of steady exercise in which 
external work was being done. To get tlmt evidence, for frog’s muscle at 
C, was the origin of the present experiments. 

The procedure was similar to that described in (2) above. A muscle was 
allowed to contract against either (i) an isotonic lever system, with load 
adjusted to give about maximal work, or (ii) a Levin- Wyman ergometer 
with speed adjusted to the same end. In either case the work was collected 
and not reabsorbed by the muscle in relaxation. Tlie stimuli (about 1 sec. 
t/Ctanus) were repeated every 4-5 min. until a steady condition was reached. 
1’hc total heat and the initial heat were measured as in (2) above and to 
each was added the external w'ork, to give total or initial energy. 


Results 

The results are given in Table I. We see that in any one experiment 
there is no signific4int difference between the values of Ii (the ratio of total 
to initial energy) <ibtained by different methods. Vov a single tetanus the 
mean value of R is 2-()<); for a steady state with isometric! totani it is 2-03; 
for a steady state with approximately maximal work it is 2*00. It is clear 
that the recovery heat is about equal to the initial energy^ whether in single 
contractions or during a steady state, whether isometric or with approxi- 
mately maximal w’ork. 

Hartron (1928) also found that the ratio of recovery licat to initial energy is tho 
same in isometric eontraolions as when work is p(*rforrne(l. 

The value of A (the ratio of mean heat rate during steady recovery to 
resting heat rcate) de[)ends on tho choice of conditions, i^articularly on the 
interval betw^een stimuli. It varied in this scries from 3-8 to 7, that is to 
say, the nearly uniform rate of total heat [iroduction (disregarding initial 
lieat) during a steady state of activity was 3*8-7 times that of the resting 
muscle; the recovery heat rate therefore was 2-8 0 times. Tho recovery 
heat accompanies the restoration of the muscle to its initial condition, 
and— accepting tlio ratio 72 ~ 2*0 — half the energy does not appear as heat, 
but is used in restoring the muscle to its initial state from which it can later 
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R iH tho ratio of total oncjrgy to initial energy. 

A is the ratio of mean heat rate during steady recovery to resting liont rate. 

E is the mochanical oilicioiusy, tho ratio of work done to total energy, including 
recovory. 

Isometric contractions unless otherwise noted. 


Kxp. 1. 

Singlo, 2 sec. totamis 


R 

1*76 

A 


Steady, twitches every J min. 

— 

1*73 

5 

Exp. 2. 

Single, 2 HOC. totanus 

- - 

1*75 



Sternly, 2 sec, totani evi'ry 2 min. 


1*80 

65 


StcMidy, twitches every 1 iniii. 

— 

1*74 

6 

Exp. 3, 

Steady, 1 sec. totani every 4 mm., isotonic 

18*4 

1*94 

7 

Exp. 4. 

Stijady, 1*2 sec. totani every 5 min., isotonic 

17 2 

1 9G 

5 

Ex]>. 5. 

Single, 3 soc. tetanus 


1-98 

— . 


Single, G sec. tetanus 

- 

204 

— 


Single, 12 sec. tetanus 

- 

1*99 

— 


Single, 18 BOO. tetanus 

— 

1*97 

— 


Steady, .3 soc. tetani every 5 min. 

— 

2 03 

3 8 


Steady, 6 sec. totarn every 5 min. 

— 

1*91 

4*4 

Exp. 6. 

Steady, 1 sec. tetam every 4 min., isotonic 

10*4 

1 96 

5 

Exp. 7. 

Singlo, 3 sec. tetanus 

— 

2*04 

— 


Single, 24 sec. tetanus 

— 

1*99 

— 


Steiwly, 6 sec. tetani every 4 min. 

— 

1*99 

5 

Exp, 8. 

Singlo, 3 sec. tolamis 

— 

2*34 

— 


Single, 3 soc. tetanus, Lovin-Wyinan ergo- 

16 5 

2*15 



motor 

Steady, 1*2 soc. tetani every 4 min.. Levin- 

i7*r> 

2*13 

6*5 


Wyman orgoinotor 


give out initial energy again. The rate of oxygen consumption therefore 
due to recovery must liave been 5*6-12 times that of tho resting muscle, 
the rate of total oxygen consumption 6-6-13 times. 

For a man wit.h resting metabolism ^ 250 c.c. Og/inin, tlu'se would correspond 
roughly to 1*6 aiul 3*2 1. of oxygen pcT mimito, vigorous and se\c*ro exercise ro- 
spoctivfdy, Tho tune scale of frog’s miisclo at 0" C is so alt/Tcd tliat what would 
appear to bo very mild activity on our scale of time la in fact, compared with its 
resting metabolism, (pule s^'vere. 

It will bo asked whether tho oxygen supply by diffusion was adequate 
in these experiments during a steady state. Tho average rat^ of oxygen 
('onsumption during tho steady” experiments (3) to (8) ot Table I has 
been calculated from the total energy Jil>enit-ed, and compared with tlie 
maximum oxygen supply ealeulaied from the rneasuretl thickness ot the 
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muscle, Krogh’s diffusion constant (assumed to be 1-16 x 10“® at 0“C) and 
the equations given by Hill (19286). The results are shown in Table II. 
It is clear that the upper limit of oxygen supply was not nearly reached 
in any of the experiments. 

Table II 

£xp. No. 3 4 A 6 7 8 

Oxygen conHinnption 2-2 l-G 2*1 1*7 1*4 3*0 1*8 

Oxygen supply 4*2 6*4 7*1 7*1 6'4 6*9 3*0 

The experiments cpiotod are those of Tabic I. The oxygen consumption is calculated 
from the total energy liberated, assuming 1 cc. Oj = 5 cal., and expressed in cubic 
inm. per gram of muscle, per mtuuto. The iniiximum oxygon supply by diffusion is 
calculated (m the same units) from tlio measured thicknoaa of tho musclo and the 
diffusion constant; with tho condition that tho whole of tho muscle is using oxygon 
at the same rate and has an adequate supply. 

We return finally to the original point. Has tho recovery heat a real 
existence? or should it be regarded simply as an altered resting metabolism? 
Apart from its very consistent behaviour and its relatively constant ratio 
to the initial heat determined in several ways, the manner in which it can 
be accumulated during a steady state of activity provides a convincing 
answer. To explain that the resting metabolism, owing to the “inertia of 
the tissue **, is increased 7 times during a steady state of activity (and could 
be increased more, since the limit was not reached), is to use words apart 
from their ordinary meaning. 


Summary 

1. The recovery heat produclion of frog’s muscle has been reinvesti- 
gated at 0" C under a variety of conditions. 

2. Tlic ratio of total energy to initial energy is consistently about 2, 
(tt) in single contractions, followed to complete recovery, (6) in a long 
series of contractions during a steady state, where the accumulated 
recovery heat is measured in tho interval between two stimuli. It is the 
same when maximal work is done as when tho conditions are isometric, 

3. During a stearly state tho rate of recovery heat production is nearly 
uniform (decreasing only slightly in the interval between two stimuli) and 
may he several times as great as the resting metabolic rate. The objection 
that the post-stimulation heat may be due merely to an increase in tho 
resting metabolism is considered. 

4. The allowance for heat loss in such experiments is discussed. 
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The reactions of the urinary bladder of the cat under 
conditions of constant yjressure 

By j. Mellanby, F.R.S. and C. Jj. G. Pratt 

Umvensity Laboratory of Physiology y Oxford 

{Received 12 May 1939) 

Many investigations of tlic activity of the urinary bladder have been 
made, especially with reference to the process of micturition. From a 
survey of the literature it appears that a definite distinction between 
isometric and isotonic conditions as applied to the neuromuscular apparatus 
of the bladder has not been rigidly observed. The general method of 
investigation, where the intac^t animal has been used, has been to make use 
of a water manometer permitting considerable fluctuations in intravesical 
pressure to occur as the volume alters. "I'be present experiments constitute 
an attempt to isolate the conditions under which clianges of volume only 
may occur, and to study the etfc(!ts. This imper deals with the activity and 
response of the urinary bladder of the eat to various procedures when 
changes of pressure are not permitted to occur. 

1 . Mkthods 

Cats under chloralose or urethane anaesthesia were used for the majority 
of experiments. Some experiments w^ero carried out on decerebrate cats, 
and in a few, ether alone was used. 
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The abdomen was opened in the middle line, and a ligature placed on the 
urethra, care being taken not to damage the blood supply of the bladder or 
the nervi erigentes. A glass cannula was then tied into the apex of the 
bladder, securing as little as possible of the bladder wall in the ligature. 
The cannula was connecte<l by means of pressure tubing to a glass coil 
immersed in a water-bath, the object of which was to maintain at body 
temperature any fluid entering the bladder. The licating coil was connected 
by pressure tubing via a tap to a cylindrical glass reservoir having a cross- 
sectional area of 120 sq. cm. A diminution of volume of the bladder of 
10 ml. therefore caused an increase of hydrostatic pressure of 0-08 cm, of 
water. Alterations in the volume of air in the i^escrvoir, produced by 
fluctuation in the v<^Iume of the bladder, were registorofi by a volume 
recorder with a frontal writing lever arranged for graphic recording. The 
system was filled with Ringer’s solution. 

When inserting the vesical cannula, care was taken to keep the urine in 
the bladder as far as possible, so that the volume of the bladder after the 
preparation had been set up was generally only slightly less than the volume 
observed when the abdomen was opened. 

After tying in the cannula, the abdomen was closed in layers. 

Tt was found more convenient to tie the cannula into the apex of the 
bladder in this way than to insert it via the urethra. Exj^riments wore 
performed using the latter method, and the results indicated that the 
response of the bladder was not qualitatively altered by the small amount 
of operative interference necessitated by the insertion of the cannula 
through its wall. This opinion is corroborated by the results of Macdonald 
and M’Crea (1930) who state that it is immaterial whether the cannula in 
the bladder is inserted via the urethra or through the vesical walls. 


2. The effect of varying tressore on the activity 

OF THE BLADDER 

(a) Volume. The bladder tends to adopt a constant voluruo depending 
upon the hydrostatic pressure to which it is subjected, and in general the 
higher the pressure the larger the volume of the bladder. No quantitative 
relation, however, could bo established between the hydrostatic pressure, 
determined by varying the level of the fluid in the reservoir, and the volume 
adopted by the bladder. In the experiments described in this paper, the 
pressure was maintained at some fixed level between 10 and 15 cm. of 
water, except where indicated. Although the volume taken up by the 
bladder at any given pressure is unpredictable, its response to changes of 
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pressure is of a definite and orderly nature. When the initial pressure is not 
too high, the first response of the bladder to raising the pressure is generally 
a brief diminution in volume. Tho contraction is quickly followed by 
relaxation. 

{h) Rhythm, If the pressure in the urinary bladder is maintained at a 
constant level, spontaneous small rhythmic fluctuations in volume appear, 
niese are usually regular in amplitude and fre(|uency. The amplitude 
depends chiefly upon the volume of the bladder. When the volume is large, 
fluctuations in volume also tend to be large; when tho volume of the 
bladder is small, the fluctuations tend to bo correspondingly small. No 
constant relation between the amplitude of the rhythm and the volume of 
the bladder was observed. The amount of fluid entering and leaving the 
bladder with each rhythmic fluctuation in volume usually lies between 
2 and 5 ml. when tho pressure is 15 cm. UgO. The rhythm disappears when 
the pressure is reduced below about 3 cm. HgO or w^hen the pressure is very 
high. Tho upper limit is very variable, some bladders maintaining a rliythm 
at 150 cm. H 2 O, but the majority become immobile, and maximally 
dilated, at about 70 cm. HgO. 

T'he freejuency of the rhythm varies considerably. At 15 cm. water it is 
generally about 5 per min. In one experiment increasing the pressure by 
raising tho reservoir diminished the rhytlim in amplitude from a stroke 
volume of 5 to 1*2 ml. whilst the frequency progressively increased from 0 to 
15 per min. As fig. 1 illustrates, these changes are reversible and indicate 
that the nature ol' the rhythm is itself a response to the physical conditions, 
cither of tension or of length, or both, to which the muscle fibres of the 
urinary bhulder arc subjected. 

These characteristic changes in ainplitiulo and freqxioncy of tho spon- 
taneous rhythm do not occur after section of the nervi erigentos. It is 
therefore possible that the responses to variations in the hydrostatic 
pressure arc reflex in origin. It is impossible to say whetlier the responses 
to change of pressure are due to alterations in tension, or of length of 
muscle fibres, since the volume of tho bladder cannot bo altered without 
altering tlio hydrostatic pressure. 

3. The influence ok anaestuetics 

Tho amplitude and regularity of the rhytlim jiroduced under iho 
conditions of these experiments depend upon tho anaesthetic agent used 
and upon the depth of anaesthesia. With ui*ethanc, rhythmic movements 
were observed as soon as recording began. Witli intravenous chloralose. 
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however, the spontaneous rhythmic movements of the bladder do not 
appear during the preliminary deep etherization, and are only evident as 
the effect of the volatile anaesthetic wears off, and anaesthesia is maintained 
solely by the basal narcotic. If ether is rcadministercd during chloraloso 
or urethane anaesthesia, after the rhythm has become well established, the 


1 1 
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Fio. 1. Diminution of fnMjuoncy tirui lucmisc* of amplitiult* prodiicod by lowering 
proHsurv. Uivthuno. A, 43; H, 33; C\ 2H; D, 23, K. 18; F. 13 eni. IfaO. Prosaure had 
been raia('<] from 13 to 43 cm. Hj,() in siiuilur mon'ria'iita with tho oppoaito results. 
Time in 10 him*. 




III! 







A 

Fl(J. 2, Isotonic rliythin. Light etlu^r. At A, chloraloso 20 mg./kg. intravenously. 

Time in 30 sec. 


311 


Urinary bladder of the cat 

rhythm may be again diminished or abolished. At the same time the 
volume of the bladder considerably increases. Wlien the ether is with- 
drawn, the activity of the bladder returns to its former level. This may bo 
repeated many times. Under light ether anaesthesia, i.e. when the con- 
junctival reflex is just present, the bladder may exhibit a well-developed 
regular rhythm, just as under chlorolose anaesthesia. Tf the administration 
of ether is maintained at this level and anaesthesia deepened by the 
\intravenou8 injection of 20 mg./kg. chloralose, the amplitude of the rhythm 
i\iay be considerably reduced (fig. 2). 

When the depth of ether anaesthesia is sufficient to abolish spontaneous 
rhythm of the bladder, the bladder no longer responds in a characteristic 
way (sec below) to injections of aclrenaline or acetylcholine. 

The same immobility and lack of sensitivity can be produced by an 
additional dose of chloralose of 20-40 mg./kg. after the rhythm has already 
become established under the influence of the usual anaesthetic do.so of 
75 mg./kg. The ether effect, therefore, cannot bo regarded os specific in the 
chemical sense, but only os an index of the concentration of the toxic 
agent necessary to produce surgical anaesthesia. 


4. 'IhE INFLtTENCE OF THE NERVOUS SYSTEM 
A. The hypogastric nerve 

(а) Section. Section of one hypogastric nerve produces no measurable 
effects. Section of both, particularly if approximately simultaneously, 
results in a temporary cessation of rhythmic movements of the blad<lcr. 
The rhythm recommences in from 2 to 15 min. When it does .so it generally 
exhibits an increase in amplitude and a diminution in frequency. Such a 
condition is illustrated in fig. 3. This slowing and increased amplitude of the 
spontaneous rhythm following hypogastric section may be maintained for 
5 or 0 hr., but generally it tends to pass off in about 2 hr. 'I'he frequency 
and amplitude then return to their original condition. Section of the 
hypogastric nerves does not bring about any alteration in the average 
volume of the blatlder, or in its resjmnse to changes of pressure imposed 
upon it by raising or lowering the re8crv«)ir. It is therefore evident that if 
this latter response is reflex in nature, the hyp«»gastric nerves do not 
constitute part of the reflex arc involved. 

(б) Stimulation. Stimulation of the hypogastric nerves produces an 
increase in volume of the bladder, generally with a temporary diminution 
in amplitude of the rhythm. This inhibition is usually preceded by a brief 
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contraction, as shown by Elliott (1907). The preliminary contraction c 
be elicited with a smaller stimulus than can the relaxation. 






Fig, 3. Section of hyiiogastrie nerves* wliile bladdt^r laoniotric between arrows. 
Amplitude inereasod, frequency diiniiushi><l. Tune in 30 sec. 


A 15 

Fig. 4. KfFeet of hypogastric stimulation at tlifferont pressures. 

A, at 15 ern. H,0; B, at 45 cm. H,0. Time in 30 see. 

Using a constant current strength, the relative degree of preliminary 
contraction and subsequent relaxation depend in part on the pressure 
maintained in the bladder. When the pressure is low, the preliminary con- 
traction is large, and the subsequent relaxation small (though always much 
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more prolonged than the contraction). If the presBure is raised and the same 
stimulus applied, the preliminary contraction may be insignihcant as com- 
pared with the subsequent relaxation (fig. 4), It was frequently observed 
that whereas the stimulation of either hypogastric nerve alone produced 
little or no effect, corresponding stimulation of both together could produce 
a maximal response. Attempts were made to produce a qualitatively 
different response by varying the strength and frequency of stimulation, 
but these were unsuccessful. We were not able, by any form of stimulation 
of the hypogastric nerves, to produce relaxation followed by contraction, 
such as follows the administration of certain doses of adrenaline. 

B. The nervi erigenteA 

{a) Section, Section of the nervi crigentes always results in considerable 
dilatation of the bladder (the pressure l)eing fixed) and derangement of the 
spontaneous rhythm. The rhythm <lisappears for a time, but shows a 
tendency to partial recovery in about an hour. Under the acute conditions 
of these experiments the spontaneous rhythm does not regain complete 
regularity nor does the bladder completely recover its previous volume 
(fig. 5). These changes in the posture of the bladder arc seen, though in a 
smaller degree, after section of the nervus crigens on o!io side only. 
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Fio. 6. Partial recovery of rliythm after seolion of iK'rvi crigt'ntoa. 

A, before; H, 2 hr. after. Tune in 10 aoc. 

For a period of several hours after section of the nervi crigentes, the 
bladder shows greatly increased resistance to the influence ot adrenaline 
and acetylcholine. As already mentioned, the usual changes of amplitude 
and frequency of the spontaneous rhythm which follow artificially produced 
changes of hydrostatic pressure cannot be elicited after section ot the nervi 
crigentes. 



314 J. Mellanby and C. L. G. Pratt 

(6) Siimulaiion, Stimulation of the nervi erigentes produces contraction 
even when the hydrostatic pressure in the bladder is very high. As noted 
by Langley (1901) and earlier workers, stimulation of the nervus origens 
on one side produces contraction of that side of the bladder alone. Relaxa- 
tion of the bladder as a result of stimulation of the nervi erigentes was not 
observed in spite of attempts to produce it by varying the intensity and 
rate of the stimulation. 


5. ThK action of APHKNALINE and A(’ETyLClIOT>tNE 

(rt) Adrenaline, The response of the bladder to the intravenous injection 
of adrenaline depends chiefly upon the dosage employed. Small doses 
tend to produce contraction only; moderate doses, relaxation followed 
immediately by contraction; and large doses by relaxation alone. Under 
surgical anaesthesia with chloralose or urethane or under light ether 
anaesthesia, the dose of adrenaline required to produce pure relaxation 
as described by Elliott is very large. Relaxation can nearly always be 
obtained by intravenous injection of 1 mg. adrenaline. One tenth of this 
dose generally produces a brief relaxation followed at once by a more 
marked contraction, both relaxation and contrac*tion temporarily super- 
seding the spontaneous rhythm. Doses of l/lOO mg. usually evoke a well- 
marked contraction preceded by a small relaxation. In other words it is 
usually possible to produce the three effects, contraction, relaxation 
followed by contraction, and relaxation alone, in a single cat, by progres- 
sively increasing the dose of adrenaline, aItJiough the actual range over 
which the dose has to be varied differs in individual animals (fig. 6). 

(Generally speaking, under ether or deep chloralose anaesthesia the 
relaxation is more easily produced than when the anaesthesia is light, and 
this is in accord with the results of Macdonald and M'Crea (1930). Moreover 
the general sensitivity of the bladder to adrenaline also depends on the 
depth of anaesthesia, so tl)at when the concentration of the anaesthetic 
agent is high, it may not bo possible to demonstrate pure contraction of the 
bladder with any quantity of adrenaline, the smallest effective dose of 
adrenaline under these circumstances producing relaxation followed by 
contraction. A dose of adrenaline small enough to produce contraction 
alone in the lightly anaesthetized cat may produce no demonstrable effect 
when the animal is more deeply anaesthetized. The smallest intravenous 
dose of adrenaline to which the bladder responds, varies therefore with the 
depth of anaesthesia and the individual cat. The smallest dose observed to 
produce contraction in this series of experiments was 0-()()05 mg. 
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It might be expected that aa a high intravesical pressure favours relaxa- 
tion on stimulation of the hypogastric nerve, so the inhibitory phase of the 
action of adrenaline would also be enhanced by increasing the pressure 
in the bladder. This, however, is not so. The diphasic response of the 
urinary bladder to a moderate dose of adrenaline is not moilified by varying 
the intravesical pressure over a comparatively wide range. 
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Fm. (J. Eftoct of varying (last's of otlrenaline. A, 0 01 rng. ; IJ, 0-1 ing , 
C, 1 mg. in travel loualy. Time in lOaoe. 


(6) Acetylcholine. Acetylcholine produces both contraction and relaxa- 
tion of the isotonic bladder. 'Phe bliwlder seems to bo less sensitive to the 
action of this drug than it is to the action of adrenaline, and correspondingly 
greater doses have to be employed in order to obtain a moderate effect. The 
smallest dose of acetylcholine given intravenously wliieh produced a 
contraction of the bladder was 0-0 1 mg. Acetylcholine in doses up to 1 ing. 
seldom causes a contraction of the bladder of more than 10 ml. in conditions 
under which 0-01 mg. adrenaline may elicit a contraction cipiivalent to 
30 ml. The effect of acetylcholine may bo potentiated, however, by 
subcutaneous injection of 0*5 mg. of eserine salicylat/C subcutaneously ^ hr 
before tho injection of acetylcholine. Under those circumstances the 
contraction may bo as much as oO ml. in a bladder the total volume of 
which is only about 75 ml, ^ 

The initial contraction produced by acetylcJioIine differs from tho well- 
known contraction due to electrical stimulation of the nervi erigentes in 
that it may be followed by relaxation. Analysis of the factors influencing 
this relaxation shows that it is favoured by (i) large doses of a(;ctylcholine 
and (ii) a high intravesical pressure. 
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(i) At » given pressure the degree and duration of the secondary relaxa- 
tion vary, approximately, with the dose of acetylcholine employed (fig. 7). 

The initial contraction is never prolonged for more than 30 see., generally 
disappearing in about 1 Osee., but the siibseciucnt relaxation is generally longer, 
and several minutes may elafise before the bladder regains its original volume. 
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Fk;. 7. Kolaxation dun Uy tho injection of acetyleiioline. A, O-I mg.; 
f?, I niff, at 1 5 cm. B,0. Time in 30 sec. 



A B 

Fia. 8. Influence of hydrostatic pressure on action of 0*1 mg. acoiylcholino. 

A, at 10 cm, HjO; B, ofc 40 cm. HjO (cf. fig. 7). Time in 30 h(K2. 

(ii) The degree of relaxation produced by a given dose of acetylcholine 
maybe modified by varying tho hydrostatic pressure. When the pressure is 
low, relaxation may not be observed, although at a higher pressure relaxa- 
tion is of considerable degree (fig. 8). 
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The initial contraction is nnxiified much less than is the relaxation by 
variations in pressure. It is theretV)re possible to reproduce the effect of a 
small dose at a high pressure, i.e. contraction followed by relaxation, by 
using a large dose at a low hydrostatic pressure. 


(). ThK UALANCKU postural UKACTTONS ok the niJlDDEU 
OK THE CAT 

It is evident that the nature of the relaxation produced by acetylcholine 
differs from tlio relaxation due to adrenaline, since the former is conditioned 
by hydrostatic pressure, as stated, wherciw the latter is not. Apart from 
this there is a striking similarity l)etween the effects of the two drugs. 
Moderate doses of adrenaline and acetylcholine produce relaxation followed 
by contraction and contraction followed by relaxation respectively. The 
process of contraction appear.s to set Uf) the conditions required for rolaxa* 
tion whilst the process of active relaxation leads conversely to a state 
favourable to contraction. In other w’ords, the reaction to either primary 
contraction or relaxation ijroduced by the action of these drugs is not 
“dead-beat” but of a typo involving an over-compensation of the original 
deviation from the resting state. 


7. The action ok atropine and ekootoxine 

Atropine in small doses influences the reactivity of the bladder under 
constant pressure conditions, intravenous injection of as little as 0*2 mg. 
produces an immediate and largo dilatation, together with diminution in 
amplitude of the spontaneous rhythm. The frequency of the rhythm 
remains unaltered. With doses of 1 mg. or more, the bladder becomes 
relatively rigwl. The amplitude and frequency of tlie spontaneous rhythm 
become smaller and smaller and less regular, and neither can be modified 
by wide variations of hydrostatic pivssui-e. Moreover, altering the pressure 
from li> to 05 cm, HgO produces no significant izicrease in volinnc of the 
bladder. In such conditions, the bladder no longer responds cither to 
acetylclioline or adrenaline, except to show a tem 2 )orary cessation in the 
already small rh 3 rthmio movement (fig. i>). The abolition of the sensitivity 
of the bladder to adrenaline or acetylcholine cannot be looked upon as a 
specific inhibition of the action of those drugs. Atropine in sufficient doses 
to produce this state also abolishe.s the ability of the bladder to contract 
isomctrically. 
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It is difficult to find a doso of atropine large enough to interfere with the 
action of acetylcholine, yet not large enough to induce the condition of 
“fixity” just described. 

In a few experiments evidence has been obtained that atropine may 
abolish not only the contractile response to acetylcholine, hut also the 
contraction due to the action of adrenaline, leaving the relaxation un- 


I 


A n c D 

Fio, 9. Immobility after 5 mg. atrojnno sulphate. A, rhythm before; B, after, 
uiropine; C, 1 mg. acotyleholino ; D, 1 mg. adrenaline; Hiaallcr closes were equally 
moffoctive. Time m 30 sec. 

affected. 'Pho possibility that acetylcholine and adrenaline produce con- 
traction of the bhulder by similar nicchanisms needs more detailed experi- 
mental analysis before it can be profitably <liscussed. Further experiments 
are being undertaken for this purpose and the results will be made the 
subject of a further communication. 

Ergotoxino in small doses docs not interfere with tlie spontaneous activity 
of the bladder, but larger doses produce an effect indistinguishable from 
that of large doses of atropine. Except in doses that produce such fixation 
of the bhulder, orgotoxine does not antagonize the action of adrenaline. 



Discussion 

Although the liydrosfcatic pressure in the bladder lias been kept fixed in 
these experiments, it does not follow that the muscle fibras have been 
maintained under isotonic conditions. As pointed out by Fillliott {1907) the 
bladder may he regarded as a thin- walled hollow clastic sphere in which the 
tension of the muscular wall is roughly proportional to the product of 
volume and hydrostatic pressure, ov ToePV , If P is fixed, then Tec V, The 
existence of regular rhythmic contractions when P is constant scorns to 
depend upon variations in T of an oscillatory nature. At the pressure 
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selected there will bo a tendency for the bladder to dilate; as soon as V 
commences to increase, T necessarily becomes greater. The response is a 
shortening of muscle fibres, reducing V to its initial value. Ke{>etition of 
this cycle constitutes the spontaneous rhythm of the bladder at constant 
pressure. 

It is possible to explain the correlation between the amplitude and 
frequency of the spontaneous rhythm and the hydrostatic pressure in the 
bladder by assuming that the increment of fibre length (or fibre tension) 
required to induce the shortening diminishes as the initial tension rises. 
Increasing the hydrostatic pressure, by increasing T, then diminishes the 
extent of the fluctuations of V, The increased frecpieticy of the rhythm at 
higher pressure is probably secondary to the diminished amplitude. Since 
f.hese characteristic adaptations of rhythm and volume to artificially 
produced changes of pressure do not occur after section of the nervi 
erigentes, they may be reflex in nature. Evans (1936) was able to reconl, 
in cats under dial anaesthesia, afTcrent discharges in the vesical plexus duo 
to distension of the bladder, but apparently did not attempt to correlate 
these impulses with any spontaneous activity of the bladder. 

The rhythm itself is not reflex in origin, for it doe^s not depend on the 
integrity of the hypogastric nerve or of tl)C nervi erigentes. Slicrrington 
(1892) was able to demonstrate an irregular motility of the bladder of the 
cat after section of all the dorsal and ventral roots, together with section 
of the cord at the level of the 12 th dorsal vertebra. Interruption of the 
nervi erigentes seriously interferes with its regidarity and, to some extent, 
its frequency, but the disturbance is only temporary. The degree and 
duration of arrhythmia dejxjnd largely upon the amount of manipulation 
involved in cutting the nerves. Any alteration in the si^ontaneoiis rhythm 
is sufficiently accounted for by the general <liminution of mus(!ular tone of 
the bladder following section of the nervi erigentes. 

Electrical stimulation of either set of nerves to the bladder produces 
changes of volume during which the rhythmic activity of the bladder is 
generally supcrsodoil by the temporary unidirectional change in muscle 
tone. In the present experiments relaxation of the bladder as a result of 
electrical stimulation of the nervi erigentes was not seen. Hypogastric 
stimulation produced botJi contraction an<l relaxation. A large number of 
studies have been made of the innervation of the bladder both from the 
anatomical and physiological points of view. Gruber (1933), in a compre- 
hensive review of the subject, concludes that the sympathetic and para- 
sympathetic nervous systems each supply both motor and inhibitory 
impulses to the bladder and that there is no difTcronce between tfio effects of 
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the two, except that possibly the parasympathetic nerves carry stronger 
motor impulses. With that statement the present results agree, but it must 
bo added that the parasympathetic exerts an influence W'hich is more 
necessary for the maintenance of the spontaneous rhythm than is the 
influence of the sympathetic nervous system. 

Various workers have presented evidence of inhibitory activity in the 
hypogastric nerve. Lang worthy, Keeves, and Tauber (1934), for example, 
in chronic experiments found that section of the hypogastrics led to a 
diminished capacity of the bladder, and concluded that the hypogastrics 
normally diminish parasympathetic activity. Such an effect might account 
for the striking in(;reasc in amplitude of the spontaneous rhythm which 
often follows section of tlie liypogastric nerves. 

Langley (1901) first noted that adrenaline produces relaxation of the 
bladder of the cat, and Brodie and Dixon (1904) confirmed this. Elliott 
(1905) and Dale (1906) stated tlmt adrenaline produces relaxation preceded 
by contraction. Edmunds and Roth (1920) later came to the same conclu- 
sion, and suggested that the earlier workers had failed to observe contraction, 
because they had employed too great a dose. Edmunds and Roth found 
that isolated strijis from the trigone contract under the influence of very 
small concentrations of adrenaline, but relax with larger doses. Strips from 
elsewhere in the bladder were always relaxed. Tliat small doses of adrenaline 
produce contraction, whilst larger doses cause relaxation of the bladder in 
an intact animal lias been shown by Rose and Deakin (1928), in dogs. None 
of these investigators, however, examined the bladder under conditions 
which separated variations in volume from variations in hydrostatic 
pressure. Under such conditions it is evident that adrenaline has a twofold 
effect, but it is not yet possible to account for the double action satis- 
factorily. It is unlikely to be duo to opposite types of response from 
anatomically distinct groups of muscle fibres. The present results indicate 
that the mechanism wliich produces contraction under the action of 
adrenaline is more sensitive to anaesthetic agents than is the mechanism 
involved in relaxation. In this they are in agreement with those of 
Macdonald and MX Yea (1930) who found that light ether anaesthesia 
favoured contraction, whereas deep ether anaesthesia favoured relaxa- 
tion. 

The physiologusal role of acetylcholine in connexion with the activity of 
the bladder has been investigated by Henderson arul lloepke (1934). 
Using the perfused bladder of the dog under morphia and clioralose they 
W'ere able to show that acetylcholine appeal’s in tlio perfusate on stimulation 
of the nervi erigentes. Perfusifin witli acetylcholine produces contraction 
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followed by an increase in postural tonus. The contraction could not be 
abolished by atropine. However, it is possible to abolish with atropine the 
action of intravenously injected acetylcholine in the cat. 


Conclusions 

1 . The urinary bladder exhibits a regular spontaneous rhythmic variation 
of volume when the hydrostatic pressure is kept constant. 

2. The frequency of the rhythm is increased, and its amplitude diminished, 
by raising the pressure maintained in the bladder. The effect is reversible. 

3. At any given hydrostatic pressure, the bladder assumes a fixed 
volume. Any attempt to alter its volume also modifies the intravesical 
pressure. 

4. The rhythm may bo abolished by deep ether anaesthesia. 

5. Contraction and relaxation of the isotonic bladder follow stimulation 
of the hypogastric nerves. Stimulation of the nervi ergentes produces 
contraction. 

6. Section of the hypogastric nerves often increases the amplitude of the 
rhythm, but never disturbs its regularity. 

7. In acute experiments, section of the nervi erigentes destroys the 
regularity of the rhythm, 

8. Adrenaline in small doses produces contraction , in moderate doses, 
relaxation followed by contraction ; and in large doses, relaxation alone. 

9. The response to adrenaline is not influenced to any extent by the 
intravesical pressure. 

10. Acetylcholine produces contraction or cjontraction followed by 
relaxation, the latter especially if the dose be large. 

1 1 . The response to acetylcholine is modified by the intravesical pres- 
sure. Relaxation is best shown when the pressure is high. 

12. Atropine and ergotoxine produce a condition of immobility of the 
bladder. Experiments depending on the selective blociking of nerve im* 
pulses by these drugs are therefore of doubtful value. 
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[Plate 6] 

Introouction 

Uuring the past thirty years our knowledge of the mechanism of morplio- 
gencsis has been imshc<l further forward in the case of the amphibia than 
in that, perhaps, of any other developmental type. More recently, the 
facts which have been established by the exi)orimcntal embryologists have 
become the subject of biochemical experimentation. The general upshot 
has been a realization of the extremely close relationships which exist 
betwiHjn normal metabolic processes and normal morphogenesis, especially 
as regards the formation of the primary neural axis in which the action of 
the evocator in the dorsal lip of the blastopore is involved. 

A knowledge of the metabolic processes normally preceding and accom- 
panying the liberation of the primary evocator in the dorsal lip of the 
blastopore will evidently give us a clearer picture of the exact nature of 
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the connexion between metabolism and morphogenesis in the gastrula. A 
morphogenetic hormone, the effect of which must surely bo the ordering of 
protein molecules in cell and tissue architecture, does not arise from 
nowhere; it has a metabolic origin and metabolic relationships. 

Initial steps were made by histochemical methods. The earliest in- 
vestigation was that of Voss (1931), who found that while the ectoderm of 
the gastrula gave a strong ‘‘plasmar’ reaction, there was none to be seen 
in the roof of the archenteron immediately after invagination. As the 
substance, plasmalogcn, responsible for this reaction, now turns out to be, 
according to Feulgen, Bersin and Behrens (1938) and Bersin, Willfang and 
Nafziger (1938), a special type of phosphatide, in which aldehydes of 
higher fatty acids are combined with glycerol, phosphoric acid and amino- 
ethyl alcohol, it may be that the dorsal lip of the blastopore is the site of 
considerable changes in lipin metabolism. This, nevertlicless, remains an 
obscure subject. 

A much clearer line of work was begun w^hen Woerdernann (1933) demon- 
strated a similar disappearance of glycogen from the dorsal lip during 
invagination, and this was put beyond the reach of criticism when Hcatley 
(1935) and Heatley and Lindahl (1937) confirmed it using a ndiable micro- 
titration method, based on the techniques of the Carlsberg school, Woorde- 
mann spoke of a “(Jlykogen-grenze'’ in the dorsal lip, so sharp was the 
disappearance of glycogen from the cells as they invaginated. There has 
boon for a long time an impression among the workers on these subjects 
that carbohydrate metabolism is in some way connected with organizer 
action. Fischer and Wehmeicr (1933) at first claimed that glycogen was 
the natural evocator, but it was later shown that the activity of glycogen 
preparations was due to ether-soluble material adsorbed on them, or in 
loose combination with them (Waddington, Needham, Nowihski and 
Lemberg 1935), and the claim was later withdrawn (Siiemann 1938), The 
hypothesis that the inactive complex includes glycogen as well as evocator 
and protein has been put forward (Needham 1936). 

In his recent Silliman Lectures, Spemann { 1938, j). 244 ) seems to maintain 
that the liberation of the evocator in the ventral ectoderm by treatment with 
heat cannot bo the same process as the liberation of the evocator in the 
dorsal lip of the blastopore by normal metabolism. For this distinction, 
however, there are no convincing grounds. The fact that a loose complex 
may be broken down in many different w^ays is no argument in favour of 
the existence of more than one complex of uniform composition. 

For a long time it has been evident that side by side with direct esti- 
mation of substances in presumptive neural plate, archenteron roof, and 
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ventral eotoderm, we needed a survey of the characteristics of these tissues 
along the lines of the Warburg technique, measuring the respiration, 
fermentation, and respiratory quotient. But the technical difficulties in 
measuring accurately the gas exchange of a ])iece of tissue weighing, 
perhaps, only 50 //g. dry w^eight, were very considerable, and in the earlier 
trials of experiments can hardly be said to have been overcome. 

The first investigation was that of Brachet (1934)- He compared the 
respiration of Bam lemporaria gastrulao in which the dorsal lip hod been 
destroyed by cautery, with others in which a part of the ventral ectoderm 
had been similarly destroyed, using Form microrespirometers and a small 
type of Warburg manometer. It resulted that the loss of the dorsal lip 
region entailed a considerably greater diminution of oxygon consumption 
tlian the loss of ventral ectoderm. Comparisons of the carbon <lioxide 
elimination by the Saunders pH indicator method on isolated pieces of 
dorsal lip and ventral ectoderm gave similar results (dorsal lip ; ventral 
ectoderm I’H!) ; l-OO). The experiments could, however, only be regarded 
as qualitative, since no measurement of the size of the ])icces was made. 
In a second series of experiments, Braehet (1936) modified the Saunders 
method to include a Linderatrom-Lang microtitration, and measured the 
amount of the isolated {fieces of Duscoghssus pinctu^s gostrulae by a usual 
micro-K jeldahl mct-ho<l giving the total nitrogen. Again the carbon dioxide 
elimination w as 84 % higlier in the case of the dorsal lip than in that of the 
ventral ecto<lerm. He also made estimations of respiratory quotient by the 
Aleyerhof-Schmitt method, obtaining 1*1 for the dorsal lip and 0-77 for 
the ventral ectoderm. At the same time, Waddington, Needham and 
Brachet (1936) measured the oxygen uf)takc of Triton alpeslris isolates 
from dorsal lij) and ventral ectoderm in a modified Gerard-Hartline micro- 
respironicter, the dry weight of the jiieccs being obtained on a micro- 
balance. In this case the oxygen consumption for unit weight proved to 
be of exactly the same order in the two (uises. Finally, Brachet and 
Shapiro (1937) devised an ingenious apparatus in which the intact gastrula 
was made the centre of two Gerard-Hartline capillaries, so that the re- 
spiratory rate of one hemisphere could bo compared directly with that of 
the other. Using embryos of Ram sylvatica a difference of 47 % was found 
in favour of the dorsal lip hemisphere.* 

* Sinc(i this i)a|X'r was writUni, Fischor and Hartwig (1939) have published their 
results on tho oxygon consiuiqition of isolateil dorsal lip and ventral t'Ctodenn 
pjeci^. Tlit*y obtauu'd an avt'ragi' excels of 20% in favour of tho rlorsal lip, but as 
their expt^riinonhH wvrt^ pK.*rforintHl on as many aa sixty isolates in relatively large 
Warburg rnanouudne cups, and lasted as long as 24 hr., it is doubtful whether 
much significnnee can bo attached to their results. 



Studies with the Cartesian diver 


325 


We shall critically evaluate these results in a later paper in this series, 
dealing with respiration; here they are only mentioned to outline the 
position at the time when the present scheme of work was undertaken. We 
were not satisfied that the micro-manometric methods ])revi()U8ly available 
were really delicate enough for the problem, and we therefore welcomed 
tl)e proposal of the Cartesian diver met})od with particular interest. We 
determined to apply it first to the measurement of anaerobic glycolysis. 

Method 

The use of the Cartesian diver* as an ultramicromanometcr was first 
suggested by Linderstrom-Lang {1937), and further <letails of the method 
as used by the Carlsberg school were given in a later communication 
(Linderstrom-Lang and Click 1938). The Danish workers, however, did not 
elaborate the method for use wdth minute pieces of tissue. 

If a bubble of air or gas is enclosed in a small glass vessel so that it 
floats w’itliin a larger vessel, the buoyancy of the diver will vary according 
to the pressure imi)osed on the whole system, and it will sink or rise as this 
pressures rises or falls. If the ])ressure is approximately constant, the diver 
will hover in unstable equilibrium. Conversely, if the gas phase in such a 
<liver is iiuTcased or diminished in amount by the process of some chemical 
reaction inside it, the pressure recpiired to maintain it at a given level will 
correspondingly rise or fall. In this way the diver is equivalent to a con- 
stant-volume manometer if from time to time it is brought to a zero line 
and the pressure required to do so note<l. 

The principle of the Tucthod is show n in fig. 1 . B shows a diver of the type 
used in the jiresent paper. The tissue and tlie physiological medium occupy 
the bottom of the diver bulb, beneath Avhich there is a glass tail to maintain 
the diver in a vertical jiosition. The amount of glass in the tail is adjusted 
so that the equilibrium pressure of the diver is fairly near that of the 
atmosphere. The neck is fiartly occupied by a drop of oil, so placed that 
there is a small bubble of air between the oil and the flotation medium. 
The flotation medium, a strong salt solution giving minimum gas solubility 
without excessive viscosity, is seen within the diver vessel in diagram A, 

• It ai){M»ars tliat tliL' Cartc'siaii tlivrr has nothing fo <l() with IJt^Hcai'tos. It was 
first doscTibod by Raffoclo Magiotti, a |m]iil of ClalilfMi, in 1 ih Remfenza certU/tima 
deWAcqvti alia comprea»ione dichtaraUi con imrn avherz! in orvaHlone tValtri 'prohleml 
curwHi (Monota, Romo, 1H4S). AjiiMirontly Magiotti publiahod notliitig olso but tliis 
vory small book on the incompressibility of water, which he dedicati'd to T^oreiizo dci 
Modici. The book contains a diagnun of tlu' diver, which was no doubt later calli^d 
“CurtcHian” os a synonym for anything “scicntitic” or mechanical, and rtniiaincd 
without application, a phjJosophioal toy, until the prcsimt tunc. 
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with the diver floating in it. The diver vessel is submerged in an accurately 
regulated thermostatic wator-bath, and connected to a water manometer, 
the pressure in which can bo adjusted (as in a Warburg manometer) by a 
syringe mechanism. It is convenient to liave fine and coarse adjustments. 



Reailings aro accurate to 0*1 or 0-2 cm., and it is therefore possible to 
measure changes of the order of a millionth of a cubi(! centimetre of gas. 
To take a reading, it is only necessary to bring the diver to a temporary 
standstill at the zero line, and to note the pressure. As will be seen, the 
Cartesian diver micromanometcr has proved of the utmost value for the 
range of gas exchanges which it was desired to study. 
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Techniqitb 

(1) Method of making divers 

Divers are made from the uniform bore Pyrex cajnllary glasH tubing 
supplied under the name “Capillator tubing” by British Drug Houses. The 
glass is worked over microilames, made from old hypodermic syringe 
needles cut olf straight, against a black background. One end of a con- 
venient length of tubing is first collapsed for a distance of from 6 to 9 mm. 
This makes the tail. The other end of the tube is then sealed. If now the 
point of junction between the tube and the solid tail is cautiously heated 
with a rotatory motion over the microflame, a bulb will automatically 
blow itself owing to the expansion of air in the tube. The glass neck is 
then cut off at any desiro<l length. Divers with volumes ranging from below 
lOA to as much as nearly 40A can be easily j)repared in this way.* As the 
glass is Pyrex they are remarkably resistant to injury, can even be droj)ped 
from some height without harm, and last for use, being cleaned and cleaned 
again, for many wrecks. 

(2) Dimermons of diver^^ 

The divers used in the present investigation, as shown in fig. I B, had 
a total volume of from 20 to 25 A, of which 2 A were occupied by the 
physiological medium and the tissue. A length of 1 mm. in the neck is 
equivalent to a volume of l*23A, and the oil used was usually 2 mm. in 
length. The neck length was from 6-5 to 7 mm. 

(3) Method of testing diver buoyancy 

(Concentrations of the flotation medium varying by 2 % of salt are f)re- 
pared. A diver is sot up, with solution, tissue, and oil, exactly as if for an 
experiment, and adjusted by removing glass from the end of the tail or by 
adding glass to it, until it just balances in the normal flotation medium, at 
atmospheric jiressure, Tt is then emptied and cleaned (see below). By 
testing it in each tube it is then possible to find a pair of tubes in one of 
which it just rises (at atmospheric pressure) and in the other of which it 
just sinks. All subsequent divers required for the experimental series are 
then tested directly on these two tubes, 5 sec. being allowed for a rise or 
fall if the column of flotation medium is about 16 cm. long. In this way 
divers can be so adjusted that not more than 20 cm. pressure of water is 
required to lift them from the bottom of the diver vessel. 


♦ 1 A = 1 cu.mm. 
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( 4 ) Flotation medium 

The flotation medium originally employed by Linderstrom-Lang and 
(Jliek (1938) was saturated ammonium sulphate. For our purposes, which 
included the determination of the amount of the tissue present by an 
ultramicro-Kjcldahl method, and also the determination of tlie amount 
of ammonia formed by the tissue during the experimental period, such a 
salt solution was absolutely iniulmissiblc. We chose as a substitute lithium 
chloride at the same density as saturated ammonium sulphate. As is shown 
in Table I, there is not much difference in (-Og solubility between the two 
salt solutions at low concentrations, but on approaching saturation, lithium 
chloride is a good deal more cflficient than ammonium sul])liate as a solution 
in whi(^h carbon dioxide is insoluble. 

By means of timing the descent of small metal balls through a long 
column of the tw'O salt solutions at the same density, we satisfied ourselves 
that the viscosity of the lithium chlorhle was of approximately the same 
order as that of the ammonium sulphaf 0. 

Tablk [ 




Concentration 



Salt 


by vol, g,/\. 

Demsity 


Ammonium sulphate 


144 

1*080.5 

0*575 


Sat. 

438 

1*245 

0*235 

Lithium chloriilo 


125 

— 

0*60 



47« 

1*245 

0*127 


Silt. 

,581 

1*302 

0*13 approx 


T)»e above data, whore not taken from SoidelPs Tables, wore obtained by direct 
estimation of carbon dioxide solubility by Dr (J. S. Adair. 

(6) Method of mlihration 

At the time when the present work was begun, no fuller description of 
the method existed than the note of Linderstrom-Lang (1937) in Nature, 
We therefore worked out the calibration independently. 

We adopted the priiici])le of comparing the behaviour of divers with 
that of standard Warburg manometers, using fairly simple reactions of 
known properties. Thus we studied the autoxidation of cystein, with or 
without the catalysis of iron (Harrison 1924), for oxygen consumption; 
and the decomposition of oxaloacetic and acotoacetie acids, with or without 
the catalysis of aniline (Ostern 1933), for carbon dioxide production. We 
also studied the anaerobic fermentation of yeast. 
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Our first observations showed that with quantities as low as a few /«g. 
of cystein, the autoxidation gave very good linear oxygen uptakes. Fig. 2 
shows the autoxidation of 6-3 /<g. of cystein in a diver. The end-value was 
also examined, as shown in fig. 3. 1-UA containing 3’15/<g, of cystein was 



measured into the diver, and immediately afterwards 0-8 A of an FcCls 
solution was also added in the same way from a microburette. This amount 
contained 628 x 10“* mg. Fe. The points on the graph represent the read- 
ings, and the crosses the moment of mixing, to ahich the linos are extra- 
polated back. It will be seen that complete autoxidation was reached in 
half an hour. 

Similar linear graphs were always obtained with yeast suspensions, 
1-2 ^g. (dry wt.) being used in the divers. 
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The earlier quantitative comparisons between the values given in the 
divers and those given in the Warburg manometers were rather rough, for 
at that time no thermobaroineter divers were run, as is necessary for exact 
work. In the case of cystein oxidation rate, however, the average diver 
results were 106 % of the Warburg results; in the case of cystein oxidation 
end-value, they were 99 % , and in the case of yeast fermentation 102 %. 



Since the diver is constantly brought back to its original position at the 
zero line, it constitutes a constant volume manometer. Wo therefore con- 
sidered that a Warburg equation ought to hold good, and we accordingly 
calculated a theoretical graph relating the diver volume to k (A gas change 
equivalent to an excursion of 1 cm. on the scale of the water manometer). 
Testing then under well-controlled conditions of thermostatic equilibrium 
and using thermobarometer divers, we compared the performance of 
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divers of different volumes with standard Warburg manometers os before. 
Thus to take a concrete instance: 

0*6 c.o. of an acetoacotic acid solution 12*45 rng.) was mixed with 0'5o.c. 
acetate buffer at pH 5*0, and with 0*2 c.c. dilute anilino omulHion, and mode up to 
6 c.c. 3 c.c. were measured into a Warburg manoinetor, where at 17^ C in 15 min., 
317 cu.mm, carbon dioxide wore evolvcni. 0 001 e.o. (I A) was measured into a diver 
of 9*6 A volume. Tn 16 mm. an excursion of 12*8 cm. on Iho divt^r manomelor was 
observed. As 1 A of the solution should give off 0*106 A carbon dioxide, 1 cm. on tlie 
diver manometer scale was 0 ( pi i valent to 0 0082 A. From tht* theon'titsal equation, 
a diver of this volume should give a gas change of just under 0 01 A per cm. of the 
diver manometer. 

The results of such experiments are shown in fig. 3 for yeast fermentation 
and carbon dioxide production from acetoacetic acid catalysed by aniline. 

The Warburg equation from which the theoretical line in fig. 3 is drawn, 
however, is modified to allow for the special conditions in the divers. Wo 
take V to bo the space right up to the level of the lithium chloride llotation 
medium, since the solubility of carbon dioxide in the oil used to seal the 
neck cannot be neglected. It may be stated at this point that avo use as 
oil a mixture of ^0% acid*free kerosene and 50% medicinal paraffin oil. 
From the figures of Kubie (1927) and our own measurements it is seen that 
carbon dioxide is hardly less soluble in paraffin oil than in water- 


Tablk ir 



Pm mill n oil 

WhIiT 

Lithiuni chlondu 
.1 1*245 


(241 

(201 

(191 


a 

a 

a 

Carbon diuxido 

0*841 

0*878 

0*127 

Oxj gen 

0*134 

0 031 

- 

Nitrogen 

0*071 

0 015 

- 


It is therefore rather on the relatively slow speed of diffusion of gases 
through the oil, than on their insolubility in it, that the efficiency of an 
oil seal must depend. 

The diver equation is therefore 

^ y + ^ ^ ^water K)ll ^ * 

(water) 

where K is the constant of the manometer, kj; the volume of the ga^* 
space, Vp the volume of the tissue-medium and tissue, the volume of 
the oil, T the freezing-point of water (abs.), t the bath temperature (abs.), 
and Pp the normal pressure in mm. of the manomotric fluid (in this case 
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water). From reference to fig. 3 it will be seen that 1 cm. on the diver 
manometer scale corresponds to a gas change of O-OO0A (6A x lO*®) at a 
diver volume of 6A, and to a gas change of 0«033A (33A x 10“®) at a diver 
volume of 35 A. 

The manometer excursion, A, multiplied by gives, of course, 
the actual gas output. 

It will be seen from fig. 3 that there is considerable agreement between 
the theoretical line and the experimentally established points, which, 
however, are rather bettor represented by a lino parallel with it and a little 
lower. 

A further correction is necessitated by the fact that only the open limb 
of the manometer is read. The constant obtained by the above formula 
has therefore to bo multiplied by a factor expressing the relation between 
the levels of the water in the two limbs, and so dependent on the total 
volume of air intervening between the surface of the flotation medium 
and the level of the water in the closed limb of the manometer. It was 
experimentally found that in the plan of the apparatus finally adopted, 
a rise of 10 cm. in the open limb of the manometer always implied a rise of 
6'61 cm. in the closed limb. The equation as finally used, therefore, was as 
follows: 




CO, 


10350 


X 0-001, 


since 1^ and wore 2-OA each, the bath temperature was 20^ C, and the 
average of the two factors (see Table II) is 0-86. 

From the above it is clear that a modified form of the Warburg equation 
can be used to calibrate the divers. 

The main difference between our procedure and that of Linderstrom- 
Lang and Glick (1938) is that we measure the volume of the divers directly 
by filling them with water from a carefully calibrated Rehberg-Heatley 
microburette (see later) of 60 A capacity, while the Carlsberg workers 
calculate the volume from an expi-ession involving terms for the weight of 
the empty diver, the volumes of oil and reaction mixture, the total gas 
space, and the specific gravities of flotation medium, reaction mixture, 
glass, and oil. Linderstrom-Lang and Glick neglect the solubility of gases 
in the oil seal, but insert a term for the gas bubble between the oil and the 
flotation medium, although they state that it only affects the result by 
1 or 2 % and so may bo disregarded. 

We were able to confirm the results of the Carlsberg workers with air^ 
filled divers. In the absence of serious barometric changes, these divers 
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will readily remain constant in buoyancy over a iwjriod of many houra. 
If no oil seal is present there is a constant leakage of air into the flotation 
medium. The same applies to divers filled with nitrogen/C()2 mixture 
(95 % Ng, 5 % COa), though in this case a slight fall was always observable. 
This does not agree with fig. 3 of Linderstrom-Lang and Glick’s paper. 
As will be seen later, we were able to abolish completely this tendency to 
fall by previously saturating the lithium chloride flotation medium with 
the gas mixture. Nor did our experiences with pure CO3 in the divers quite 
agree with theirs. Thus, the loss from our divers, if filled with pure COa 
without oil seal, was very much greater than that reported by them. It 
was also correspondingly greater if the oil seal was present. It is x)Ossible, 
though not perhaps very likely, that this difference is duo to a slightly 
larger diameter of neck in our divers. The employment of divers as thermo^ 
barometers is essential especially if, as was often the case in the present 
work, the total excursion of the manometer during the experiment is 
under 10 cm. ; during the experimental jjeriod the thormobarometer divers 
may vary by as much as 2 cm. in 2 hr. 

We w'ere still not satisfied, however, that the loss of carbon dioxide 
through the oil seal could be neglected in glycolysis experiments, and we 
accordingly made a number of special investigations to check this factor. 
The paper of Kubie (1927), already referred to, shows that the greatest 
caution should be exercised in the matter of oil seals. Moreover, Lallemand 
(1932) made determinations of oxygen by the Winkler method in evacuated 
water standing in air under a layer of paraffin oil 10-40 mrn, thick. In 
the absence of oil, the normal state of saturation with oxygen is nearly 
reached after 25 hr., and the rate is very much faster in the initial stages, 
so that the half-way point is reached in under 10 hr. With 20 mm. of oil 
these figures are only about doubled. If the oil is previously freed from 
oxygen by evacuation, a delay of 10 hr. may take place before the oxygen 
content of the water begins to rise at all. But in the case of the divers, 
what interests us is the escape of carbon dioxide from the interior under 
such conditions that only a slight diffvsio7h gradient exists. 

Our tests took the form of filling the divers with known gas mixtures 
and then following with the manometer the escape of gas into the flotation 
medium, the initial gas concentration of the latter being known. At the 
beginning of the exi^criment the gas inswle the divers was 10% COj in 
nitrogen, while the flotation medium was saturateil with 5^);, COg in 
nitrogen. In order to ensure the exactness of the internal concentration, 
the divers were filled in the special way to bo described below (Maintenance 
of anaerobic conditions). The gas mixtures were prepared With the differ- 
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ential flowmeter of Laser (1937). The amounts of gas, in A x 10~®, lost from 
diver to flotation medium were plotted against the time in minutes. After 
the loss of 1 A exactly from the diver, the internal concentration would have 
dropped to 6'6%, i.e, almost the same as that outside. 

From such empirical curves the logarithmic plot of fig. 4 was derived. 
Here the amount of gas remaining in the diver is plotted against log t. 
It will be seen that there is an initial lag, probably due to some peculiarities 
in the shape of the diver neck and oil drop. The important point, however, 
is that the straight part of the relation, if extrapolated, does not cut the 



base-line until after the lapse of 1.S80 hr., and this is undoubtedly too 
short a time, since the approach of the curve to the base line would almost 
certainly bo asymptotic, and equilibrium would take even longer to 
attain. 

If at the beginning of the experiment the concentrations of gas inside 
and outside the diver are the same, we have the situation that as each new 
increment of gas arises from any reaction going on within the diver, this 
will tend to leak out through the oil seal. But as the diffusion gradient is 
exceedingly small, it will do so exceedingly slowly. If it were necessary, 
an expression correcting for this loss could be worked out, allowing for 
the rate of gas flow through capillary tubes, etc. But we do not consider it 
necessary, since from fig. 4 wo can calculate what the leakage per hour will 
be, assuming increments of different amounts within the diver, and taking 
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the most pessimistic assumption, namely that 1380 hr. is the time required 
for the whole of the extra 6 % of CO 2 to diffuse out into the flotation 
medium. The results of such a calculation show that even up to increments 
of 400 Ax 10~* produced within the diver, the loss does not amount to 
more than l-flA x 10 ~®/hr. As the experiments with which we were con- 
cerned did not usually last beyond 3 hr. with the production of two or 
three hundred A x 10 ~®, wo did not feel that it was even necessary to apply 
the correction in practice. 

Substantially the same result was obtained when 6 % COj was inside the 
diver and 0 % outside; we do not reproduce the curves. 

In later work, to be described in a subsequent [)aper in this series on 
the application of the diver method to the determination of respiratory 
quotient, we had further evidence that the loss of CO 3 from the divers is, 
in fact, inconsiderable. The CO 2 was suddenly liberated from a known 
amount of bicarbonate solution inside the diver bulb. The solution used 
contained 164-6 A COa/c.c., so that 1-6 A in the bulb gave off 246*5 Ax 10"®, 
corresponding to a manometer excursion of some 10 cm. depending on the 
diver volume. After attainment of equilibrium, the divers were watched 
for some hours, but they showed no regularly j)crceptible tendency to 
fall. 

(6) Maintefiance of anaerotnc conditions 

In the experiments on anaerobic yeast fermentation just described, 
which were carried out as calibration tests, the divers wore filled with 
gas mixture in the way recommended by the Carlsberg workers, that is to 
say, the gas was passed into the diver through a capillary tube for some 
minutes, and the oil seal then put in under a stream of the gas. The goo<l 
agreement between yeast fermentation and other calibration methods 
showed that, for yeast at any rate, or probably any rapid chemical reaction, 
these precautions were sufficient. Indeed, the corres{x>ndenco between 
successive experiments on different days with divers of different volumes 
was very good, thus: 

Ax 10-Vhr./l-87/*g. 


Exp. 

dry wt. yoaat 

39 

620 

41 

618 

42 

603, 685 

46 

602, 67(» 

47 

620, 600, 400 


But when amphibian embryo tissue was examined in the divers, an 
apparent negative glycolysis was commonly seen, which might amount to 
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as much as —112 Ax 10^® (manometer excursion of 8*7 cm,) for a single 
piece of dorsal blastopore lip in 6 hr. The phenomenon persisted when pure 
nitrogen was substituted for Nj/COa mixture, so it could only be attributed 
to residual respiration in the presence of traces of oxygen. Under such 
(conditions yeast, as is known, will speedily use up the remaining traces, 
and start its anaerobic cycle, but tissues with a weak glycolysis and 
accustomed to low oxygen tensions, as amphibian embryo cells undoubtedly 
are, will never manifest their anaerobic properties. 

We were therefore under the necessity of devising some means of main- 
taining absolutely anaerobic conditions within the divers. We shall describe 
the method in its final form without mentioning problems which arose in 
the intormodiato stages. 



Fio. 5 


Fig. 5 shows the filling chamber, A in the diagram. It bears a gloss 
universal joint, B, through the upper shank of which (U), a tube D ending 
in an almost capillary point, is fixed by means of the rubber connexion, B. 
The pipette JJ is vaselined so as to be movable vertically as well as from 
side to side. At its upper end it carries a three-way tap, F, and a teat 0. 
The whole chamber is closed by the rubber stopper, P, through which an 
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entry tube {/?) brings in the gas mixture (previously purified in the usual 
way by passage over metallic copper in an electrically heated furnace). 
The entry tube also has a throe-way tap, J, so that part of the stream can 
be diverted to pass through the pipette D. The exit tube is represented 
at K. We found it convenient to insert a wash-bottJe between the electric 
furnace and the entry tube so as to ensure that the entering gas 
mixture was not unduly dry, and also a mercury trap in case of excess 
pressure. Inside the filling chamber there is placed a diver-carrier (i) 
constructed of a small cardboard box and njatch-sticks (also shown in the 
cross-section and in perspective). This carrier bears a wire arrangement to 
support two very small bowls, one for oil and one for lithium chloride 
{M and N). These must be in such a position that they can easily be 
reached by the movable pi{>ette. 

The procedure is therefore as follows: the divers, fully prepared with 
tissue and physiological medium, or whatever other contents are desired, 
are placed in their carrier, the reservoirs are filled with oil and lithium 
chloride, and the carrier is slid into the chamber. After the stopjwr has 
been put in, gas mixture is allowed to pass for 5 min. with a fairly rapid 
stream. Tap J is now turned so that a considerable amount of the gas 
mixture passes through D, and this is placed into each diver in turn for 
2 min. By this means the divers are washed out with the gas mixture but 
with no danger of the entry of any air through eddy formation or other- 
wise. The efficacy of this gas stream can be clearly seen by the motions 
which it imparts to particles in the bicarbonate solution beside the tissue. 
When this stage is complete, taps F and J are so turned that no more gas 
runs through the pipette, which then takes up the desired amount of oil 
and delivers it into each diver neck, the movements being controlled by the 
teat. Finally, the pipette takes up a drop of lithium chloride solution and 
deposits it in the form of a ball upon the top of each diver. 

In the meantime, the lithium chloride solution in which the divers are 
to float has been equilibrating to water-bath temperature in the vessels 
which have been suspended in the bath, while at the same time a stream 
of N 2 /CO 2 gas mixture has been passing through them. Both the lithium 
chloride and the oil are normally stored under the gas in containers which 
will permit of three evacuations and three fillings with the gas mixture 
before leaving for the night. 

The efficiency of these proceedings was tested by observations of the 
rate of oxidation of leuco-methylene blue (Paal). If carried out exactly as 
described, it was found that methylene blue would, remain in the reduced 
state for over 48 hr. without showing any sign of blue colour, but if any 
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one of the precautions were omitted, the presence of traces of oxygen 
could be detected. In particular, the lithium chloride “balls”, which 
protect the diver contents during the few moments which elapse while the 
diver is being transferred from Ailing chamber to vessel are absolutely 
essential. 

An experiment, in which neural folds and ventral ectoderm pieces were 
placed in pure nitrogen in divers filled according to the procedure just 
described, soon showed that no oxygen was present by remaining over a 
period of 7 hr. in perfect equilibrium, following precisely the slight oscil- 
lations of the thermobarometers. 


( 7 ) Physiological medium 

Since amphibian embryo tissue is normally accustomed to a hypotonic 
environment, no Binger solution was necessary. A very small quantity of 
salts, however, with bicarbonate, was found by Holtfreter (1931) to aid 
effectively the healing process. As will be seen by the following figures, 
Krobs-Uenseleit Ringer solution (1932), twenty times diluted, approxi- 
mates to Holtfreter solution. 


NaCl % 
KCl % 
CaCI, % 


Krebs-PIonHeleit 
Holtfreter Ringer -r 20 


0*035 0*035 

0*0006 0*0018 

0*001 0*0028 


We accordingly used this dilution, adding to it the amount of sodium 
bicarbonate solution normally used (concentrations given in the above 
paper) to bring it to equilibrium with 6% (JOj in the gas mixture. 


(8) Diaseciiony iniroduciiwi and remoml of tissue 

Before the gastrula can be dissected it must be removed from the egg 
envelopes. In the Urodeles this is relatively easy, and was accomplished 
in the usual way with watchmaker^s forceps. For Anura, however, a way 
was devised which may prove generally convenient. After the removal 
of the greater part of the jelly with scissors the gastrula was anchored to 
a small square piece of filter-paper by the remainder of the jelly; in this 
position it can be readily oriented. It is then biaectod rather below the 
equator with a sharp pair of iridectomy scissors, after which the piece 
desired can easily be dissected out. 

Dissections were always made with Spemann glass needles. Where 
special parts of the embryo were taken, mention will be made in the text. 
The most typical dissection, however, was that shown in fig. 6. In A the 
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blastopore is seen at the half-moon stage, and the dotted segment above 
it indicates the part called in this paper ^‘dorsal lip of the blastopore”. 
It includes, of course, a good deal of archenteron roof and a small amount 
of presumptive neural plate. Fig. 6B shows an elevation of the gastrula, 
C a drawing of the isolated dorsal lip region, and D a drawing of the isolated 
ventral ectoderm. At each side of the dorsal lip region a good deal of 
cleaning away of yolk endoderm cells had usually to be done, and later on 
the two edges of dorsal ectoderm and archenteron roof healed together 
leaving the appearance of a suture. Ventral ectoderm, as shown in D, 
generally curled up actively at the edges, but in the time elapsing between 
dissection and the beginning of the experiment (i^rhaps an hour) did not 
have time to heal to form a true ectodermal ball. 



Fio. 6 


In the meantime the divers had been filled* with the Holtfreter-bicar- 
bonate solution from the microburette. In order to put into each one the 
tissue isolate decided upon, the diver was completely submerged in a 
Petri dish containing the isolated pieces. 

The next step was the removal of part of the excess Holtfreter-bicar- 
bonate to serve as initial ammonia sample. This was accomplished by a 
constriction pipette of the type described by Linderstrom-Lang and Holter 
(193 fig- frowi which the sample was then blown out at constant 
pressure by compressed air into a waxed ammonia estimation tube (see 
below). The remainder of the unwanted Holtfreter-bicarbonate solution 
was now withdrawn by the microburette, so that only 2 A remained in the 
diver bulb. The diver was now ready for the anaerobic filling chamber. 

At the end of the experimental manometric jicriod, the oil seal in the 
neck was removed, and the diver filled up from another microburette with 
0-01 N hydrochloric acid, to prevent escape of any ammonia. Then the 
final ammonia sample was taken off by the constriction pipette, 

* Tt is perhaps liardly ru)C08sary to mention that unless absolute cleanliness of the 
glass is maintained by a thorough use of bichromate mixture followed by prolonged 
washing, it will be impossible to fill the <Lvers at all. 
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The problem of removing the tissue from the divers for micro-Kjeldahl 
analysis was solved by an unexpectedly simple procedure. The diver was 
inverted at the tip of a capillary test pi^x^tte bent at right angles over 
a Syracuse watch-glass made of paraffin wax. By exerting pressure on the 
teat, the tissue and the whole contents are forced out of the diver and run 
down the pipette dropping off at its angle into the wax receiver. From 
here they are taken up into another teat iii|)ette of wider bore, which 
has been waxed on its inside surface, and thence blown out into the micro- 
Kjeldahl vessels of special pattern described in another communication 
(Needham and Boell 1939). Several washings of diver and waxed |)ipette 
complete the })rocess. 

(0) Atnmmiia estirruition method 

Ammonia was estimated according to the methofl of Linderstrom-Larig 
and Holter (1933), which involves the diffusion of ammonia from a drop 
at the bottom of a waxed micro-test-tube* to a hanging film at the top, 
followed by direct titration of the hanging film by the microburette. 
Magnetic stirring by small glass balls containing iron filings was used. The 
sample taken from the divers varied according to the constriction pipette 
used, from 11'89 to 16*91 A; the drop of 2 N soda was 8*3A, and the re- 
ception film was made with 60A of distilled water, to which 7-6A of 
0*0283 N HCl were a<lded from a constriction pipette. The film was back- 
titrated with 0*0098 N sodium borate to a colour comparison with a film 
of pho8j)hate buffer solution at pH 6*9, bromocresolpurple being used as 
indicator. 

This is perhaps the place to give details reganling the accuracy of 
our constricjtion pipettes. Of two typical examples: one delivered 7*67 A 
with an average deviation of 0*03 A from the mean, and a p.e. av. of 
±0*0096 A; the other delivered 14*23 A with a p.k. av. of ±0*008 A. 

The microburettes used throughout the work were tlio very serviceable 
Heatley (1938) type, which substitutes a mercury bulb moving vertically 
for the screw syringe of Rehberg and Lindorstrom-Lang. 

(10) Cleaning of dwers 

After use the divers are placed in strong bichromate cleaning solution, 
and washed before use with a great many changes of distilled water. 
Handling the divers is rendered very easy by the use of a capillary pipette 
bent at an acute angle and attached to a filter-pump. In this way, so fast 
can the stream be made, the diver can be washed with a million changes of 
♦ Heroinaftcr callf^d a Holtor tube. 



Studies with the Cartesian diver 


341 


distilled water in about half a minute. It is convenient to use a single 
diver over and over again, if its volume is accurately known, although 
another can be made if necessary in a few minutes. 

(11) General view of the apparatus 

A general diagram of the apparatus is given in iig. 7, which may be 
compared with a photograph (%. 8, Plate 6). 



Between the water manometer (220 cm. long) and the row of diver 
vessels is placed a tap in a convenient position {F, fig. 7) for adjusting the 
system to atmospheric pressure before beginning to take a reading. The 
vessels (Gj-Oj, fig. 7) are soon in the photograph immersed in the bath. 
Regulation of the bath temperature is effected by a thermionic relay 
system in which a current of 20 fiA passing across the thermostat junction 
is amplified by a wireless valve. Heating is done electrically, and as it 
was desired to work at or below 20° C, a cooling coil was placed at the 
bottom of the glass-sided bath, through which cold water from the main 
continually circulated. It was not found necessary in tlie presence of 
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thermobarometers to regulate the temperature more accurately than one- 
hundredth of a degree. Stirring was also done electrically. To prevent stray 
currents the bath was earthed. A magnifying glass was fixed movable 
along the front of the bath to facilitate the inspection of the divers at 
unstable equilibrium beside the zero lines. In fig. 8 the diver can just be 
seen resting on the bottom of the left-hand vessel. 

It is undesirable that the divers should have access to the upper surface 
of the fiotation medium, since contact with the air interface may destroy 
the initial state of the bubble between oil seal and lithium chloride. Small 
discoidal screens of silver gauze with silver wire handles were therefore 
placed in the vessels so as to rest upon pegs of glass rod fastened with de 
Khotinsky cement in such a position that the screens remained a few 
millimetres below the surface of the flotation medium. 


(12) Comparison of the sensitivity of (he diver method 
with other rnicromanomeiric meiluxls 


The relation of the Cartesian diver method to other micromanometric 
methods can best be appreciated by comparing them in the form of a table, 
as follows. 


Table III 


Standard Warburg (Dixon 1934) 

Small Warburg, aa used for metabolism of tissue 
cultures (Laser 1932; Meier 1931) 
Micromanometers of Fonn (1928), Schmitt (1933) 
and Duryoo (1936) 

Capillary micromanometors of Geranl and Uartline 
(1934) Victor (1935) 

Micro-Krogh manoinetor (adapted from Bodine 
and Orr 1925) 

Separate chamber inicromanometer with mica 
mirrurs optically read (Heatley, Beronblum and 
Chain 1938) 

Very fine capillary micromanometer of Stofanelli 

(19370* c) 

Cartesian diver manometer, as here described 


K 

(A gas change per cm, 
on the manometer scale) 

20 

3-7 

3-4 

1 - 8 - 2-3 

1-6 

0 08 -0 04 


0 06 -012 
0008-0022 


The actual sensitivity of the diver is about one-fifth of the value given in 
the table ; as it is easily possible to read to 2 mm. of water pressure, so it is 
therefore possible to measure 0*001 A, or one-millionth part of a c.o. 
Normal working, however, will be in a range from ten to a hundred times 
as great. 
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(13) Condensed, survey of the method 

It may be convenient for any who wish to apply these methods to any 
other or similar biological problems if at this point we give a short survey 
of the technique, incorporating some points not hitherto mentioned (see 
fig. 7). 

1. The gaetrulae are freed from their la. The divers are filled with Holtfretor* 

vitelline membranes (see § 8). bicarbonate solution and their 

volumes checked. 

2. The regions required are dissected 2o. The density of the flotation medium 

in Holtfroter solution. is checked. The vessels are filled 

with it and set in the bath in their 
wire holders. Tlio gas stream is 
passed through them, via the dis- 
tributor K. 

3. Healing is allowed to take place for 10-20 min. 

4. The isolates are removed to Holtfretor-bicarbonate solution. 

5. They are introduced into the divers. 

6. The initial ammonia samples are removed, avoiding any injury to the tissue, 

and the excess Holtfretor-bicarbonato is withdrawn from each diver. 

7. Initial ammonia samples are trans- 7a. The diver necks are dried with 

forred to waxed Holtor tubes and filter-paper spills, 

capped to await attention later. 

8. The divers are placed in their carrier, which is introduced into tlie anaerobic 

filling chamber (see § 6). Gas is le<i through the pipettu into the divers. After 
3-5 min. the oil seals, and then the lithium chloride balls, are placed in position. 

9. The anaerobic filling chamber is 9 a. The silver screens are wotted with 

opened and the divers are quickly fiotation medium and placed in 

transferred to their vessels. position when each diver is in. 

10. The gas stream is now so directed that it fiows tlirough tlio well-vcuselinod top of 

each vessel in turn, beginning with swooping out any air contained therein. 
After half a minute the tap belonging to the next vessel (e.g. O^) is turned so 
that tho gas stream is diverted to the next vessel. The tap of the first vessel 
(e.g. IS opened to the atmosphere through tap and the vessel is attached 
to its top and secured by springs. Finally tho wire vessel-holders are removed 
from tho bath. 

11. The readings are begun, with arbitrary zeros according to the buoyancy of 

individual divers. 

12. Manomotric experimental period. 

13. The vessels are takon off from their tops and out of the bath. The divers ore 

removed (a 10 in. anatomy museiun forceps is convenient), washed in water, 
dried, and the oil seal carefully removeil with a capillary pipette attached to 
a filter-pump. 

14. The divers are filled with dilute acid, and the final ammonia sample takon 

(see § 8). The ammonia estimations are proceeded with. 



344 E. J. Boell, J. Needham and V. Rogers 

1 5. The iiHsue m reinovod and tranafeirod to the micro -Kjeldahl voeaele. After the 
addition of fifty A of the incineration mixture, the water is driven off in an air 
oven at 120-130°. The rest of the mothod m descnljod in Needham and Boell 
(1939)- 

10. The divers are cleaned with acid bicliromato and washeil with boiling distilled 
water. 


(14) A nimal materuil 

Two sets of experiments were completed. In the first the embryos of 
Rarm temporaria w'ere used ; in the second those of Triton alpestria. 

We adopted as a routine procedure the method of pituitary gland im- 
plantations, as described by Hugh (1934, 1937) and Bartli (1933). Wo 
were completely successful in obtaining and artificially fertilizing frog 
eggs from late September 1937 till the beginning of the natural breeding 
season in 1938. At the former date wo used twelve frog pituitaries inserted 
into one of the dorsal lymph-sacs with a waxed pipette, while near the 
breeding season only two or three were necessary. The newt eggs were 
only used during tlieir natural breeding season about the month of May. 


Results 

We may first take the experiments on gastrulae of Ram^ for which the 
data are summarized in Tables IV and V. 

It is at once evident that there is a coasiderable difference between the 
dorsal lip and ventral ectoderm. The average is os follows : 

DurmU Up rogiou ... 0 63 
Ventral ectoderm ... 0*21 

so that the region of the gastrula where the organizer is liberated has about 
tliiw times as high an anaerobic glycolytic rate as the inactive ventral 
ectoderm. It will be seen that in our calculations we assume that the whole 
of the ammonia formed during the experiment lias masked an equivalent 
positive pressure due to lactic acid formation and its consequent carbon 
dioxide output (a point to which wo shall return below). If, however, the 
ammonia production and the uncompensated (JOg production seen in the 
manomctric readings aixs separately compared, the difference between 
dorsal lip and ventral ectoderm persists. Thus the ammonia production 
(A X 10'®//tg./5 hr.) is as follows: 


Dorsal lip region 
Ventral ectoderm 


231 

0*97 



Table IV. Bax a. Dorsal lip 
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giving a difference of 2*4 times in favour of the organizer region. The same 
is true of the uncompensated COj production (A x l()-*//tg./6 hr.); 

Dorsal Hp region ... 0*82 

Ventral ectoderm ... 0*28 

a difference of 2*9 times in favour of the organizer region. There was 
moreover no difference in the ratio between uncompensated and ammonia- 
compensated CO 2 production; thus the percentage of ammonia-compen- 
sated CO 2 in the total glycolytic (>62 was as follows : 

Dorsal hp region ... 70*4 

Ventral ectoderm ... 73-0 

This difference we do not regard as significant. Since the proportion of 
ammonia-compensated COg in the total glycolytic OOg is so constant, a 
plot of ammonia productions x>er unit weight against ^ 2 * gives a straight 
lino. 

We subjected the anaerobic glycolysis quotients given in Tables IV and 
V to a statistical analysis, obtaining the standard deviations and probable 
errors. The reliability of the difference between the two means for dorsal 
lip and ventral ectoderm is indicated by the ratio difference/p.E.jjjjj which 
worked out at 7*4. As this number exceeds 4*0, the difference between 
the dorsal lip and ventral ectoderm must be regarded as, in this case, 
statistically established. 

One factor which undoubtedly differed a good deal as between the 
various experiments was the degree of healing which had taken place in 
the isolates before they were placed in the divers. In order to test the 
effect of healing, some experiments were performed in which the isolates 
were kept overnight for about 24 hr. in Holtfreter solution before being 
used. The Kjeldahl nitrogens and hence the weights were not obtained in 
these experiments, and the rest of the data are liere omitted for lack of 
space, but the average uncompensated CO 2 productions were so close to 
those usually obtained that it was felt to be unlikely that the degree of 
healing exerts a great influence on the anaerobic glycolysis ; 

A X 10-»/6 hr. 


Dorsal lip region: Main series 139 

Hoiiling series 144 

Ventral ectoderm : Main series 05 

Healing series 73 


The same conclusion was reached when the ammonia productions in 
A X 10“*/™g*/5 hr. within the main series wore compared on the assumption 
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that the term “well-curling edges'* in the daily descriptions of the isolates 
indicated better healing than when no remark was made. In the case of 
tlio dorsal lip isolates, this gave only a slight advantage to the healed 
pieces, and in the case of the ventral ectoderm isolates, there was a slight 
difference in the other direction. Wo conclude in general, therefore, that 
the degree of healing has not been a seriously disturbing factor in our 
experiments. 

In addition to the main series of experiments on dorsal lip region and 
ventral ectoderm we also carried out some ohservations on other stages of 
embryonic development and on the tissues of tadpoles before metamor- 
phosis, for comparison with adult amphibian tissiio. The experiments 
on other embryonic stages (see Table VI) wore mostly done before we had 
successfully surmounted the problem of maintaining absolute anaerobiosis 
in the divers, but the ammonia production did not seem to be greatly 
affected by this, as the average ammonia production in Ax 10 3/^g./5 hr. 
for dorsal lip was 2-97 before the adoption of the final technique, and 
2*31, as we have seen, afterwards. The following figures may therefore be 
regarded as fairly trustworthy. We shall assume that the ectoderm of 
the gastnila at the very beginning of invagination has the same ammonia 
production as that from over the blastocoelo cavity during later stages of 
gastrulation. In this way we sox3m to see a rise of ammonia production at 
the beginning of the action of the primary organizer, followed by a fall: 

Ammoniti production 
A X br. 


Early gnstrula ectoderm 0-97 

Dorsal lip region 2 97 

Open neural folds 2-70 

Just closed neural folds 

Neural tube and somites 0-08 


We should prefer to postpone for the present interpretations of these 
facts. 

The experiments on tadpole tissues, on the other hand, were done after 
the adoption of the final technique. As the figures in Table VII show, the 
level of metabolism in tissues of tadpoles between 10 and 20 mm. length is 
considerably higher than that of the gastrula. While the ^2* dorsal 

lip of the blastopore does not often exceed 1-0, that of heart and ventral 
epidermis of the tadpole often exceeds 2-0. It is interesting to note that 
this is due to higher uncompensated CO, production rather than to 
increased ammonia production. The average uncomi)ensatod CO, output 
(A X 10“*//*g-/® hr.), from Table VII, is 6-84, os against 0-82 for the dorsal 
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lip (Table V). The ammonia production, on the other hand, has fallen, for 
the average value (Ax 10'®//tg./6 hr.) in Table VII is 1*74, as against 2*31 
for the dorsal lip (Table IV). It was noted that addition of glucose to the 
medium abolished the ammonia production of the 18mm. tadjiole heart 
muscle, but not that of the heart muscle from the younger stage. The 
amphibian before metamorphosis olfers an inviting opportunity for the 
study of numerous problems in the installation of metabolic machinery, 
which so far seems to have been insufficiently made use of. 

The reason for the increased rate of metabolism in the tadpole tissues 
is no doubt the disappearance of the inert yolk which is so richly contained 
in all the cells of the gastrula. This property of the gasirula obviated tlio 
necessity for an ultra-micro-KJeldahl method capable of estimating 
accurately amounts less than 1 j4g., for it was necessary, in order to have 
manageable manometric data, to take pieces containing from 3 to 20 /tg. 
of total nitrogen. Data for adult am[)hibian tissues are scarce, but the 
figures of +6*5 for retina (Kubowitz 1928) and +0-5 for smooth muscle 
(Meyerhof and Lohmann 1926) indicate that the tadpole tissues are 
approaching the adult level. 

Throughout the foregoing discussion we have assumed that ammonia 
produced by the tissue during the manometric period will bind lactate 
molecule for molecule and so mask a glycolysis which ought to manifest 
itself manometrically. For mammalian tissues Dickens & Greville (1933) 
showed that the amounts of ammonia produced were so small as to be 
insignificant from this point of view, but it is clear that in the amphibian 
embryo we have a different state of affairs, where no less than 70 % of the 
total glycolysis is masked by concurrent ammonia production. Although it 
has always been assumed that ammonia will mask COj ])roduction in this 
way (Warburg et al. 1930, p, 128), we carried out a series of experiments 
in which, with known amounts of ammonia from ammonium carbonate, 
phosphate buffer at pH 7-4 was substituted for 2 n soda in the Linder- 
strem-Lang-Holter method, and we were able to assure ourselves that at 
any rate by far the greater part of the ammonia remains in the solution at 
that pH. If the relation, under the conditions of our experiments, were not 
quite quantitative, it would simply mean that our figures are too high 
by a small percentage, and since the proportion of compensated and un- 
compensated CO3 is the same in both dorsal lip region isolates and ventral 
ectoderm isolates, our conclusions would not be affected by this correction. 

It is of interest to compare the figures for ammonia production obtained 
in the present work with those for the ammonia production of intact eggs. 
The paper of Bialaszewicz and Minedwna (1921) on this subject stands 


Vol. cxxvii. B. 


*4 



352 


E. J. Boell J. Needham and V. Kogors 

alone in the literaiure, ho we made a few exj)eriTnent 8 on intact gastruloe 
in Thunberg tubes to confirm the conclusions of these authors. Wo were 
able to get a figure in close agreement with that of Bialaszewicz and 
Mincdwna for ammonia ])rodu(*tion in ai^robic conditions, but for anaerobic 
conditions there was a discrepancy between direct estimations on intact 
eggs and estimations in the divers. 

According to the Polish authors, a gastrula excretes 
amtnonia/24 hr., which corresponds to an excretion of 1-17 //g./mg. dry wt. 
gaBtrula/24 hr. Our estii nations gave 1'2 dry w^t. gastrula/24 hr. 

Under anaerobic conditions, however, the value was a little less, about 
1 //g./mg. dry wt, gastruIa/24 ))r., although from the ammonia productions 
observed on tlie isolates in the divers, a value of 7-05 //g./mg. dry wt. 
gaHtrula/24 hr. w'ould liave been expected. We can only suggest that it 
is probably diflicult, even with an electric vacuum pump, as used in this 
case, to free the egg-jellies completely from all traces of oxygen,* 

In the tables of this pa])er it will have been noticed that the amounts 
of tissue used in tlie divers are given in terms of dry weight. This was 
calculated in every case from Ihe Kjeldalil nitrogen figure, a uniform dry 
weigh t/nitrogeii ratio having previously been established. The figures for 
this are shown in Table VIIT. A micro-balance sensitive to 1 /ig. was 
used. 13-7 and 15-1 were selcct/ed as the values for dorsal lip and ventral 
ectoderm respectively, partly because the half-moon stage is the central 
f)oint in gastrulation, and partly because these figures most nearly approach 
what would bo exfiectcfl from theory. If all the solid were protein, the 
ratio would ho 10 ; if lialf of it were fat, the ratio would be 8 . From the 
data in the literature on the composition of amphibian eggs (Needham 
1931 ) it can be seen that not more than 20 % of the dry weight is fat. The 
ratio w ould thus be expected to be nearer 1 0 than 8 . 

It may be added that the use of Kjeldahl nitrogen values as a measure 
of the amount of tissue taken in calculating do|>cnds, of course, on the 
assumption that the dorsal lip and ventral ectoderm isolates contain about 
the same proportion of non-respiring yolk material. As it is likely that 
the dorsal lix* region contains rather more than the ventral ectoderm, the 
values fur the former reported in this paper are probably all slightly on the 
low side, and the difference between dorsal lip and ventral ectoderm 
therefore larger than it ap[)ears to be. 

The second sot of ex|)eriments were f>erformed on embryos of the newt, 

• In ncUlition, it lUiiHt bn rninombnrnd tlmt I ho i.solalns used am not taken from 
the yolk-ladnii regions of the egg, and would la^ncc bo expoctc*d to show a higlior 
activity. 
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Triton alpestris^ which, although the classical material of experimental 
embryology, did not prove nearly so satisfactory for tlie present purpose 
as the anuran gastrulae. Even when the healing was perfect, so much 
mucus was secreted by the isolates that it was hard to got,them into the 
divers absolutely uninjured, and they also showed a much greater tendency 
to go to pieces during the manomctric period, possibly owing to their 
inferior resistance to cytolysis at air-water interfaces. Unlike the artificially 
fertilized eggs of the frog, the newt eggs were fairly often bad, and it 
was not easy to have full confidence that a gastrula, even though picked 
with care, would have continued normal development had it been allowed 
to do so. 

Table VITT. Dry wkioht/nitbogen ratio. Rasa TKMPouAmA 
Numbiirs of isolated piocos taken varied from 15 to 30. 







Dry 



Dry wt. Total X 

N % 

wt./N 

Rxp. no. 

Do9cri[)iioii 

mg. 

mg. 

dry wt. 

ratio 

1 60 

Dorsal lip, i-moon yolk -plug 

2-842 

0-214 

7*52 

13-3 


V('fitral ectoderm, \ -moon yolk-plug 

4-724 

0-250 

5-30 

18-8 


Dorsal lip, J-inoon yolk-plug 

8*999 

0 654 

7-28 

13-7 


Ventral octoilerm, J-rnoon yolk-plug 

6-120 

0-405 

0-63 

15-1 

11 45 

Dorsal lip, ^-moon yolk-plug 

1 921 

0-ni 

6-80 

17 3 


Ventral ectoderm, full -moon yolk-plug 

2-228 

0-121 

5-45 

18-4 

11 161 

Bhu4tula roof 

2-135 

0-128 

6-00 

16-7 


In spite of these difficulties, however, a series of some twenty experiments 
was run, giving the following differences, all in favour of the (lorsal lip 


region. 

Dorsal lip Vontral 

region octodonn 

Qlt 0-23 0*14 

Ammonia ])roduction A x lO“®/W./5 hr. 0 75 0-50 

Uncompensatfwl (JO3 A x 10“V/^g./5 hr. 0*30 0*22 


These experiments, therefore, so far as they go, confirm in general trend 
the results obtained on the anuran tissue. 

In connexion with the differential behaviour of the regions of the 
gastrula, it may be remembered that according to Bellamy {1919) and 
Bellamy and Child (1924) disintegration begins in the dorsal lip of the 
blastopore when embryos are treated with toxic concentrations of mercuric 
chloride, potassium cyanide, and ammonia. The claim was contested by 
('annon (1923) and the original papers must be referred to hv those who 
wish to estimate its probability. 
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More recently Eischer and Hartwig (1936) and Piepho (1938), using 
rarious vital dyes, have found that when the stained gastrulae are placed 
ija strictly anaerobic conditions, there is a more rapid reduction of the 
dye in the dorsal lip region than elsewhere. It is hard at the present time 
to be precise regarding the signi/icance of these findings, though they must 
surely indicatu greater activity of oxido-roduction systems in the organi- 
zation centre relative to the other j)arts of the embryo. 

Lastly Brachet (1938) has been able to show with the nitroprusside 
test on the unpigmented gastrulae of Triton cristaius a local accumulation 
of fixed — SH groups in the dorsal lip of the blastopore. 

The authors arc much indebted to Dr N, G. Heatley and to Dr Malcolm 
Dixon for their valuable advice at various stages of the work, and to Dr 
G. S, Adair, who carried out estimations of the COg content of strong salt 
solutions. They also wish to thank Dr H. Laser for the loan of his flowmeter. 
Newts wore obtained from Switzerland and Poland by the kind assistance 
of Professor Baltzer of Berne and Mr Bayger of Lw6w, respectively. One 
of the authors (E. J. B.) was a Fellow of the Rockefeller Foundation during 
the course of the work, which was financially assisted in part by a Govern- 
ment Grant from the Royal Society. 

SUMMABY 

1. The principle of the Cartesian diver, employed by Linderstrom-Lang 
for the purpose of an ultramicromanometcr, gives an instrument 1500 
times more sensitive than the Warburg manometer. The delicacy of the 
method can be gauged by the fact that whereas 1cm. on the Warburg 
manometer scale corresponds to a gas change of about 20 cu.mm., 1 cm. 
on the diver manometer scale corresponds to a gas change of about 
0*008 cu.mm. The method of calibration of the diver manometer has been 
fully investigated and is described in the text. 

2. The use of the diver manometer for measuring the anaerobic glycolysis 
of pieces of amphibian embryo tissue of about 100 fig. dry weight necessi- 
tated several new and special techniijues, such as those for the introduction 
and removal of the tissue, the maintenance of strictly anoerobio conditions, 
the use of a new flotation medium (lithium chloride), ammonia and 
Kjeldahl estimations, etc. All these procedures are described in the text. 

3. The dorsal blastopore lip (organization centre) region of the amphibian 
gaetrula has a higher anaerobic glycolysis and a higher anaerobic ammonia 
production than the ventral ectoderm. The difference, established by 
statistical test, is of the order of throe times. 
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Morphogenesis and metabolism: studies with 
the Cartesian diver ultramicromanometer 
IT. Effect of dinitro-o-crosol on the anaerobic 
glycolysis of the regions of the 
amphibian gastrula 

By E. j. Boell and Joseph Needham 
The Biochemical Laboratory, Cambridge 

(Communicated by Sir Frederick Hopkins, F.R,S, — Received 
28 November 1938 — Revised 21 March 1939) 

Introduction 

In the preceding paper of this series a considerable difference in anaerobic 
glycolytic rate was demonstrated to exist between the dorsal lip of the 
blastopore in the amphibian gastrula and the ventral ectoderm. It was 
therefore of some interest to see whether this difference could be diminished 
or even abolished by any artificial treatment. In recent years there has 
been a wide extension of our knowledge of chemical substances which 
inhibit and stimulate the respiration and glycolysis of isolated tissues, but 
for respiration, wliich can be accelerated by the addition of many oxidizable 
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and reducible dyes to act os accessory hydrogen transporters in the cell, 
the progress has gone further than for glycolysis. However, the initial 
discovery of Heymans and Bouckaort (1928) that nitrophcnol derivatives 
have a profound effect on animal metabolism has led to much study of 
these substances. Our experiments originated from the fact reported by 
Dodds and Oreville (1934) that dinitro-o-crcsol stimulates both aerobic 
glycolysis and respiration in mammalian tissues. 


M KTUODS 

The general technicpie employed was exactly the same in all particulars 
as that of the preceding paper, with the exception that the Holtfreter- 
bicarbonate solution used contaitied 4, 6-dinitro-o-cresol in a concentration 
of 1 X 10“* M, which was shown by Bodinc and Bocll (1938) to be near the 
maximally effective coocentration in the case of grasshopper embryos. 
Gastrulae of liana temporaria were obtained and prepared for the ev|>eri- 
ments following the previously <lcscribcd techni(|ue. The isolated pieces 
were in the nitrocresol solution for ajiproximatcly 40 min. before the 
manometric readings began; this was the time taken to remove ihe initial 
ammonia samples and the excess Holifretcr-bicarbonate solution, and to 
prepare the divers anaerobically in the filling chamber. 

Resui.ts 

The results are incorporated in Table I which should be compared with 
Tables IV and V of the preceding paj)er. 

From the averages assembled in Table 11 it c*an bo seen that the effect 
of dinitro-o-cresol is to diminish con8i<lerably the difference betw'een the 
dorsal lip region and the ventral ectoderm by raising the metabolic level of 
the latter rather than the former. But at the same time it is to be noticetl 
that this effect is much more pronounced upon the uncoraijensated 
tlian it is on the ammonia [jroductirm (and hence the compensated COj). 
Consequently the which is the balance between these two CO2 j^ro- 
ductions, is affected only to an intermediate degix^e. There is a rise of nearly 
300 % in the uncompensated CO.^ production of the ventral e(*toderm, while 
the corresponding effect on dorsal lip region is only 35 %, On the other 
hand the dorsal lip region’s ammonia production is apparently not affected 
at all by dinitrocresol, while that of the ventral ectoderm only increases by 
07%. The overall result on the is therefore a very slight increase, 
only 16%, for the dorsal lip, and a considerable increase, 157%, for the 
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Table II. Cuanoes produced in the metabolism of amphibian 

QASTBDLA REGIONS BY TREATMENT WITH DTNITRO-O-CRESOL 


Dorsal lip 

Ventral 


region 

ectoderm 

Ql' 

Normal 

0-63 

0-21 

Dinitro-o-oresol 

0-73 

0*64 

Difference 

+ 0-10 

+ 0*33 

% rise 

1(1 

167 

Unoompenaatod COj (A x 10" !»**•) 

Normal 

0 H2 

0*28 

Diiiitro-o-crenol 

111 

1*07 

Difference 

+ 0 29 

+ 0-79 

% rise 

35 

282 

Ammonia production (Ax 10 lir.) 

Normal 

2*31 

0-97 

Dinitro-o-cresol 

2*23 

1*62 

Difference 

-008 

+ 066 

% change 

-3 

+ 67 


ventral ectoderm. This increase does not siiiflce to abolish altogether the 
difference between the two regions, but instead of being three times it is 
reduced to very much under twice. 


Discttssiox 

The action of dinitro-o-cresol in stimulating the metabolism of the 
relatively inactive ventral ectoderm (presumptive epidermis) rather than 
that of the relatively active dorsal lip region (presumptive chordameso- 
dcrm) is very suggestive. In particular it reminds us of two other cases in 
which the lower metabolic level is |)referentially stimulated, namely the 
grasshopper embryo during diapause ancl during active development, and 
the sea-urchin egg before and after fertilization. Both these, however, are 
cases of aerobic, not anaerobic metabolism. 

The former has been studied by Bodine and Boell {1938) as the latest 
of a series of investigations on the developing orthoiJtcran embryo, details 
of which will be found in this publication. As is well known, the grass- 
hopper embryo develops actively at first for a few weeks but then enters 
a state of dormancy, the diapause, in which no morphological development 
occurs. This lasts several months, after which a period of intense activity, 
both morphological and metabolic, loads in three weeks to the end of 
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embryonic development. Respiratory rate is considerable during the two 
active periods, but sinks to a low steady state during the diapause. Since 
the respiration in the two active periods is powerfully inhibited by KCN 
and CO, while that of the diapause is not, it is to be supposed that diapause 
respiration proceeds mainly by “non-ferrous”, possibly flavin-catalysed, 
systems. It was now found that taking normal respiration as 100, the 
diapause respiration was raised by nitrophcnols to 375 , while that of the 
active periods only to 250 . The extra respiration was cyanide-sensitive. The 
fact that the respiratory quotient v, as raised from the usual diapause level 
of 0*75 to unity was at first attributed to the extra respiration being at the 
expense of carbohydrate, but it was not sensitive to fluoride or iodoacetate, 
and ammonia estimations showed that at least threc-cpiarlers of it was due 
to protein breakdown. 

In the case of the amphibian gastrula, however, the fact that diaitro- 
o-cresol did not raise the ammonia production to any extent suggests that 
its action is mainly if not entirely upon mecluinisms of carbohydrate 
utilization. This agrees with the findings of Ronzoni & Ehrenfest (1936) 
on mammalian muscle. 

The parallel with the sea-urchin egg is of much the same kind. A con- 
siderable literature exists on the respiratory mechanism here involved, 
for which the paper of Kotr may he consulted, hut it is sure from 
the work of Runnstrihn (1930) and others that the respiration of the 
unfertilized egg is not sensitive to cyanide, while that of the fertilized 
egg, proceeding at a higher rate, is so. Later, Runnstrbm {1935) found 
that although pyocyanin, added as an accessory hydrogen traasporter, 
increased the respiratory rate of both unfertilized and fertilized eggs, its 
eftbet was of the order of 200 % on the former and only SO % on the latter. 
The effects of nitrophenols on the sea-urchin embryo have been studied by 
Clowes and his collaborators (see Krahl and Clowes 1938, for the literature). 
Most of their attention was devoted to the interesting fact, discovered by 
them, that concentrations of nitrophenols and halophenols which give the 
maximal stimulation to respiration also cause a reversible blockage in the 
mechanism of eoW division. In one place, however (Clowes and Krahl 1934), 
they state that the effect of nitrophenols on respiration was greater for 
the unfertilized than for the fertilized eggs — a six times increase against 
a four times increase. Thus while the respiration of the fertilized egg is 
normally four times that of the unfertilized egg, after both hod been treated 
with dinitrophenol, it was only two and a half times as great. 

An entirely different type of reagent, dimethyl-p-phenylene-diamine, 
was found by Runnstrom (1932) to raise botli unfertilized and fertilized 
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egg respiration to the same high level, indicating that the low activity of 
the unfertilized egg is not due to any deficiency of indophenol oxidase. 

All these phenomena resemble to some extent the state of affairs found 
for the amphibian gastrula regions. Tn general we may say that wide 
variations in metabolic activity exist in correlation with various physio- 
logical and morphogenetic states. The regions or states of higli activity may 
or may not be in a condition of maximum possible activity, but the regions 
or states of low activity arc certainly damped down in some way or other. 
For respiration, this damped state may be duo to a block in the chain of 
carriers in the Warburg-Keilin system, so that such respiratory activity as 
there is has to proceed by way of a “non-ferrous” system. For glycolysis 
we can as yet form little idea of the damping mechanism. It may be that 
the theories of the Pasteur reaction, especially those whicdi postulate 
that the glycolytic enzymes are themselves sensitive to oxidation or to 
other factors (see the review of Dixon 1937), will enable us to imderstanfl 
these damj>cd states, and the connexion which they have with the con- 
current physiological and morphogenetic events. In the case of the 
amphibian gastrula, at any rate, the fact that the organizer substance, or 
evocator, is liberated in a region of high activity, and not in a region 
physiologically damped, can hardly be without significance. 

If the liberation of the evocator were coupled in any simple way with 
the intensified glycolytic mechanisms in the dorsal blastopore lip, it might 
be expected that dinitro-u-cresol would bring about a liberation of the 
evocator in pieces of normal ventral ectoderm isolated and exposed to 
its influence. The paper of Waddington, Needham and Brachet (1936) 
reported a few experiments of this kind, hut unlike the results with methy- 
lene blue, no positive effects were obtained. Tins may have been due to the 
relatively small number of isolations made, and the subject deserves 
further examination. Subjecting intact frog embryos to the action of 
2 , 4 -dinitrophenol during early developmental stages gave Dawson (1938) 
nothing but a general I'ctardation and some persistent yolk-plugs, while 
Finkelstein and Sohapiro (1937), who implanted the same substance 
dispersed in agar into the blostocoele cavity, could obtain no positive 
neural inductiofis. 

The thanks of the authors are due to the Research Department of the 
Royal Free Cancer Hospital, from which the dinitro-o-cresol was obtained. 
One o^us (E. J. B.) held a Rockefeller Fellowship during the course of the 
work, which was financially assisted in part by a Government Grant froni 
the Royal Society. 
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Summary 

1. The effect of dinitro-o-cresol on the anaerobic glycolytic rate and 
ammonia production of the dorsal lip region and ventral ectoderm of the 
frog gastrula was investigated with the methods described in the preceding 
paper of the series. 

2. The greatest effect was an increase of some 300 % in the uncompen- 
sated COa output of the ventral ectoderm. Ammonia production was much 
less affected. Anaerobic glycolytic rate was therefore increased to an 
intermediate extent. All the changes were much more marked in the 
ventral ectoderm than in the dorsal lip region. 

3. Attention is drawn to a certain parallelism between the state of 
affairs in the amphibian gastrula and that in the grasshopper embryo 
during diapause and the sea-urchin egg before and after fertilization. 
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III. Respiratory rate of the regions of 
the amphibian gastrula 

By E. J. Boell and Jo.skph Needham 
The Biochemical LaboreUory, Cambridge 

{Communicated by Sir Frederick Hopkins, F.R.S. — Received 
2S November 1938- -Rensed 21 March 1939) 

Introduction 

For a survey of the meta)x>lic properties of the regions of the amphibian 
gastrula a knowledge of the relative respiratory rates is indispensable. 
This had been the aim of a number of previous investigations; to these we 
shall refer in the Discussion. 

An account of the reasons why a study of the metabolic profierties of 
the regions of the amphibian gastrula is of importance has already been 
given in the introduction to the first paper of this series. 


Methods and material 

The divers used for experiments on oxygen consumption were of the 
same dimensions as those already described in the paper on the measure- 
ment of anaerobic glycolysis (Boell, Needham and Rogers 1938), but were 
arranged in a different way. As fig. 1 shows, the neck of the diver was 
coated with a uniform layer of high-melting-point paraffin wax. This does 
not change the behaviour of the lithium chloride meniscus nor of the oil 
seal, but permits of the placing of a drop of 0'6 n soda at the bottom of the 
neck just above the bulb. The menisci of this drop are nearly straight, as 
shown in the diagram, and it acts as a very efficient absorbent of CO2. 
The drop of soda, about 2 A in volume, is allowed for in the calibration 
equation by the insertion of a special term. 

[ 363 ] 
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Holtfreter solution without bicarbonate was used as physioJogical 
medium, and the whole process of preparing the divers was done in air. 
The introduction of the tissue into the divers and the subsequent removal 
of tlie excess Holtfreter solution was carried out as described in the first 
paper of the scries. Special tests with indicators showed that there was 
no danger whatever of the alkali drop leaving the neck and coming down 
into the bulb. 



Being desirous of making a teat with the apparatus on some biological 
object previously well studied, we made a few exjjeriinents on diapause 
embryos of the grasshopper Melunoplus differerUialU, In 3 hr, several 
of these took up an average of 73-6A x 10 ^ Og/hr. eacli or just about 
0*074 cu.mm./hr./embryo. The usual range is from 0-05 to 0-08. 

The dissection of the pieces of the gastrulao was accomplished in the 
usual way with Spemann glass needles. Embryos of the African toad, 
Discoglossns pimtua, and the axolotl, Arnhlystoyna meximnurny were used. 
Eor reasons to be mentioned in the Discussion, it seemed desirable to use 
as far as possible pieces of dorsal lip region and ventral ectoderm taken 
from the same embryo, and this was almost always done. It was also 
thought necessary to j)ay particular attention to the stage of development, 
and for this purpose the morphological normal table of Harrison (unpub.) 
was used. Unfortunately, none of the existing normal tables for the am- 
phibia include a sufficiently largo number of stages during gastrulation, 
so wo inserted some intermediate stages, as indicated in Table I. 
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Table I 

Stages of 
Harrison 

Stages of 

Stages of 
Pollister and 


(iinpnh.) for 

KniKht (1938) 

Moore (1937) 


A mblyatonm 

for Triton 

for Rana 

Stage 

punefatum 

alpeatris 

aylvatica 

Blastula 

8 

— 



Late blastula 

9 

10 

0 

Blastopore jnst visible 

10 

11 

10 

J-moon yolk-plug, blastopore' 

lOj 

Hi 

— 

"sickle-shttjxHl ” 

J-iiioon yolk-plug 

lOi 

12 

11 

J-moon yolk-plug, blastopore* 

11 

13 

— 

“ horseshoe-shapoel ” 

Ijarge full -moon yolk -plug 

lU 

131 

- - 

Small full-moon yolk-plug 

12 

U 

12 

Firat appearance of neural folds 

13 

1(5 


Closing neural folds 

IH 

IH 

14 


Abbrnviationu list'd in tht' succootHiif^ tables: lirf, blastiila roof; dl, dorsal lip of 
blaHtojiortf region ; vo, vontml (*ctodonri ; cnf, elosing nciintl folds. 


Rksults 

The figures for the oxygen cfinaumption of isolated pieces of JHscoglossus 
and Amblystorm gastruloe will be found in Tables 11 and 111, It will be 
noticed that the diver method measures with ease gas intakes of the order 
of 0'03 cu.mm ./hr. In 3 hr., the average gas change in this work amounts to 
about one-tenth of 1 cu.mm. We did not think it necessary to calculate 
ill every case, but related the oxygon consumption instead to the 
quantity of total nitrogen found. This we exiiress as Qq^. It may be 
taken as a sufficient basis of comparison between the different regions. 

Taking first the Discoglossits series, we find that the averages are as 
follows : 


Dorsal hp rc^gion 

Oo, 

4*80 

Ventral octotlcrrn 

4-93 

Closing neural folds 

3-02 


Assuming the dry weight/nitrogen ratios obtained in t he first paper of this 
scries, these values are equivalent to 


Dorsal liji region 
Ventral ecto<lt»rm 


0-35 

0-33 
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These are of the same order as the values previously obtained, namely 
0-63 for dorsal lip and 0'21 for ventral ectoderm. But it is at once clear 
that unlike the results for anaerobic glycolysis, there is here no difference 
whatever between the metabolic activity of the two regions. Reference 
to Table II will show that there are three points lying outside the main 
zone. If we exclude them by omitting from the calculation all points 
above 9*0, the result is not appreciably altered (dorsal lip 4*2, ventral 
ectoderm 3*75). With so small a <lifferonc*e, a statistical analysis seemed 
unnecessary. 


Table II. Respibatobv rate or R&aioN.s ok Dm'fMtmssus oastrula 


Exp. 

no. 


Harrison 

t 

[irotem 

N 

Oj consumption 



Tissuo 

Hta^o 

hr. 

Ax 10 » 

A X 10 V3 hV. 



OO 1 

enf 

IK 

4 16 

13*9.5 

-^121 

- 87 

2*1 

0*16 

2 

enf 

18 

4*16 

22*9 

-^318 

-230 

3*4 

0*26 

3 

enf 

18 

416 

18 2 

*-151 

-109 

2*0 

0*16 

4 

enf 

18 

4-16 

12*35 

-232 

-168 

4*6 

0*35 

01 1 

<11 

12 

4 

8*7 

- 187 

- 140 

6*35 

0*39 

2 

dl 

12 

4 

6*6 

--302 

-225 

11*4 

0*87 

3 

ve 

12 

4 

.5 05 

-102 

- 76 

6*0 

0*33 

4 

ve 

12 

4 

2*6 

- 36 

- 27 

3*5 

0*23 

02 1 

dl 

11 

4 

14*5 

- 93 

- 70 

1*7 

0*12 

2 

dt 

11 

4 

14*5 

-166 

-124 

2*9 

0*21 

3 

ve 

11 

4 

5*1 

- 34 

- 26 

2*9 

0-19 

4 

VO 

11 

4 

4*8 

- 47 

- 36 

2*7 

0*18 

03 1 

dl 

lOf 

4 

8*8 

- 67 

- 60 

1*9 

0*141 

2 

VO 

lOJ 

4 

5*4 

-120 

- 90 

6*6 

0*37/ 

3 

dl 

lOJ 

4 

12*6 

-197 

-148 

4*0 

0*291 

4 

VO 

lOj 

4 

8*75 

- 94 

- 71 

2*7 

0*18/ 

04 1 

dl 

lOj 

2 

9*2 

- 82 

-123 

4*6 

0*331 

2 

ve 

10} 

2 

3*9 

- 77 

-116 

9*8 

0*66/ 

3 

dl 

10} 

2 

5*16 

- 72 

-108 

7*0 

0*611 

4 

VO 

10} 

2 

3*4 

- 83 

-126 

12*1 

0*80i 

06 1 

dl 

12 

3 

12*8 

-109 

-109 

2*9 

0*211 

2 

VO 

12 

3 

6*0 

- 66 

- 66 

4*4 

0*20/ 

3 

dl 

12 

3 

6*9 

- 96 

. - 96 

6*4 

0*391 

4 

VO 

12 

3 

6*8 

- 69 

- 69 

3*3 

0*22/ 

06 1 

VO 

11 

3-6 

8*9 

-136 

-117 

4*4 

0*201 

2 

dl 

11 

4-6 

11*5 

-260 

-173 

6*1 

0*37, 

3 

VO 

12 

3-6 

10*2 

-100 

- 91 

30 

0*20 

4 

dl 

12 

4-5 

8*7 

-215 

-142 

6*6 

0*40, 


Abbreviations and sta((o nuinbere as in Tablo I. Brackets indicate that both 
pieces came from the same gastnila. 
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Table 111. Rbsfibatoby ratb op bboions of AMBLrsToMA oastbula 







m- 

0 , 

consumption 





Harrison 

t 

protoin 


^ 


Exp. no. 

Tissue 

stage 

hr. 

N 

A X 10-^ 

A X 10'*//*g./3 hr. 

<?o. 

11 01 

1 

brf 

8J 

3-25 

18-0 

-159 

-147 

2*7 


2 

brf 

«4 

3 25 

14-7 

- 98 

- 91 

2-1 


3 

brf 

8J 

3-26 

16-6 

-147 

-136 

2*7 


4 

brf 

81 

3-25 

22-0 

-137 

-127 

1*9 

11 02 

1 

brf 

9 

3 

12-0 

- 112 

-112 

3-1 


2 

brf 

9 

3 

8-7 

- 126 

-126 

4*8 


3 

brf 

9 

3 

16-6 

-118 

-118 

2-5 


4 

brf 

9 

3 

20-6 

-202 

-202 

3*3 

11 03 

1 

ve 

10 

3 

14-6 

- 118 

-118 

2-7\ 


2 

dl 

10 

3 

11-3 

- 64 

- 54 

1-6/ 


3 

VO 

10 

3 

14-1 

- 92 

- 92 

2-21 


4 

dl 

10 

3 

18-4 

-120 

-120 

2 - 2 / 

11 04 

1 

ve 

10 

3-25 

13-2 

- 106 

- 98 

2-6\ 


2 

dl 

10 

3-25 

— 

- 133 

-123 

-/ 


3 

VO 

10 

3-25 

5-9 

-115 

-106 

6 0\ 


4 

dl 

10 

3-25 

11-6 

- 79 

- 73 

2-1/ 

11 06 

1 

dl 

lOj 

3-6 

— 

-171 

-147 



2 

VO 

10} 

3-5 

8-9 

-113 

- 96 

3-6/ 


3 

dl 

10} 

3 5 


-145 

-126 



4 

ve 

10} 

3-5 

9-1 

- 87 

- 76 

2 - 7 / 

II 06 

1 

dl 

101 

3 

14-6 

-131 

-131 

3*0 \ 


2 

ve 

101 

3 

17-9 

- 86 

- 86 

3-6 f 


3 

dl 

101 

3 

12-7 

-113 

-113 

3-01 


4 

ve 

101 

3 

2-8 

- 46 

- 46 

6 * 5 / 

11 07 

1 

<11 

10} 

3 «7 

4-9 

-173 

- 141 

9 61 


2 

VtJ 

10 } 

3-67 

6-26 

- 93 

- 76 

41/ 


3 

dl 

10 } 

3-67 

9-8 

-198 

- 162 

5-5 1 


4 

ve 

10 } 

3-67 

13-1 

- 88 

- 72 

1 -8/ 

11 08 

1 

dl 

10 } 

3-5 

18-4 

-151 

-129 

2-31 


2 

ve 

10 } 

3-5 

J2-2 

- 90 

- 77 

2 -1/ 


3 

dl 

10 } 

3-5 

18-3 

- 179 

- 164 

2-81 


4 

VO 

10 } 

3-6 

14-7 

- 88 

- 76 

1-7/ 

11 09 

1 

dl 

10 } 

3 

23-0 

- 118 

-118 

1-71 


2 

VO 

10 } 

3 

18-8 

- 94 

- 94 

1-7/ 


3 

dl 

11 

3 

14-8 

-120 

-120 

2-7\ 


4 

ve 

11 

3 

5-3 

-134 

-134 

8-4/ 

11 010 

1 

dl 

11 

3 

16-3 

-111 

-111 

2-31 


2 

VO 

11 

3 

11-7 

- 76 

- 76 

2-3/ 


3 

dl 

11 

3 

8 3 

- 136 

-136 

6-5l 


4 

VO 

11 

3 

9-0 

- 48 

- 48 

1 -8/ 


Abbreviations and stage numbers aa in Tablo I. Brackets indicate that both 
pieces came from the same gaatrula. 
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Tablb 111 (continmd) 

/fg. 0| consumption 




Harrison 

t 

protein 




Exp. no. 

Tissuo 

stage 

hr. 

N 

Ax 10 » 

Ax 10-®//tg./3 hr. 

q:^ 

11 011 1 

dl 

11 

2 

12*5 

- 51 

- 77 

20\ 

2 

VO 

11 

2 

7*1 

- 47 

- 71 

3-3/ 

3 

dl 

11 

2 

160 

- 78 

-117 

2*4\ 

4 

ve 

H 

2 

6*8 

- 49 

- 74 

3-6/ 

11 012 1 

dl 

lOJ 

308 

8*8 

- 95 

- 93 

3-6\ 

2 

ve 

10} 

3 08 

41 

- 36 

- 36 

2-9/ 

3 

dl 

10} 

308 

8*9 

-107 

-104 

3-9\ 

4 

ve 

10} 

308 

7-1 

- 56 

- 66 

2-6/ 

11 013 1 

dl 

10} 

3- 16 

14-8 

-121 

-116 

2-6\ 

2 

v© 

10} 

316 

9-1 

- 99 

- 94 

3-4/ 

3 

dl 

10} 

3- 16 

16 5 

-120 

-114 

2*31 

4 

ve 

10} 

.3*16 

12-3 

- 64 

- 61 

1-6/ 

11 014* 1 

dl 

10} 

3 

18-7 

-210 

-210 

3-7\ 

2 

ve 

10} 

3 

IM 

- 87 

- 87 

2*6/ 

3 

dl 

10} 

3 

20-1 

-106 

-196 

3-3\ 

4 

VO 

10} 

.3 

— 

-136 

-136 


Abbreviations and stago numbers 

as ill Table I. Brackets indicate that 

both 


pieces <*am 0 from the same gastrula. 

* In the presence of 1 x 10*® m 4 ; 6-dinitro-o-orosol, 

Exactly the same conclusion was reached for the Arnblystotna series. 
Averages are as follows; 



Qo. 

Blastula roof 

2- 63 

Dorsal lip region 

3-21 

Ventral ectoderm 

318 


These figures give Qq^ values of the order of 0-22, Omitting the two high 
points has no effect. It will bo seen from Table 111 that an orientation 
experiment was made with dinitro-o-eresol. It hod apparently no offect 
on the respiratory rate. The AmblysUrma scries is the more reliable of 
the two, as the axolotl gastrula tissue seemed mure resistant to the 
experimental conditions. 

In order to make sure that oxygen diffusion was not a limiting factor, 
we plotted all the points obtained on a graph relating micrograms of 
protein N to for 3 hr. There was no tendency for unduly small 

oxygen-uptakes at the higher end of the tissue scale ; all the points lay in a 
rather wide scatter (duo no doubt to varying amounts of yolk, endoderm 
cells, etc.) around a line at 45°, 
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Discussion 

A good deal of work has been done on the respiration of intact amphibian 
gastnilae, so it was of interest to compare the figures in the literature with 
those found by the diver method on isolated regions. The following table 
(Table IV) summarizes them. 

Table IV 


Bialatfzowicz and Blv<iowiiki ( 1915 ): 
Rana temporariay gostrulaa 


ipo 

20 

A Oj uptake / 100 
c‘inbryoa/hr. 

24-6 

A COj output/ 
100 embryoa/hr. 

Saunders ( 1923 ): 

Rana temporarM^ gastrula 


J4 


24*4 

Pamas and Krasinska ( 1921 ): 

Rana temporaria, gastriilao 


15 

13*7-250 

_ 

Wills ( 1936 ); 

A^nblyntoma punctatum, TTarrison stage 

25 

34 


10 , gastrulae 

Triturua toroaua, Harrison stage 

10. 

25 

39 


gastrulae 

Rana pipiena, Harrjfjon stage 

10. 

25 

39 

_ 

gastrulae 

Stefanelli ( 1937 ): 

Rana fmca^ cleavage stages 

* 

? 

(9-18) av. 13 


Brachet and Shapiro ( 1937 ): 

Rana aylvatica, gastrulae : 


25 

■ 

_ 

Dorsal lip hemisphere 



70*5 

- 

Ventral ectoderm hemisphere 


. . 

48*1 

— 

Brachet ( 1934 a); 

Rana temporana, gastrulae 


? 

29-9 

_ 

Atlas ( 1938 ): 

Ra-na pipienn, gastrulae 


15 

12 

— . 


If now we compare these results with those here reported, we find that 
the respiration of dorsal lip region and ventral ecjtoderm is a good deal 
higher than would be exj^ected from the volume of embryo occupied by 
them. From our data on the axolotl gastrula, the average amount of 
protein N taken was 11*1 //g. or l/32nd part of the total protein nitrogen 
in the embryo. As is of the order of 3, the oxygon consumption for the 
whole embryo would be 106A/100 embryos/hr,, a figure considerably 
higher than any given in the table. It should, however, be remarked that 
in Brachet and Shapiro’s measurements, the value of 70A/I0i) embryos/hr. 
was also much above the average for the whole intact embryo. We can 
conclude certainly that the yolk endodenn must have an extremely low 
respiratory rate and occupies a large proportion of the total weight and 
nitrogen of the embryo. 
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We have now to consider how the present results contrast with those 
previously reported in the literature for the two regions. Let us briefly 
recapitulate the progress made hitherto. On the whole, the first set of 
experiments made by Brachet {19346) niay be disregarded since the 
amount of material in isolated pieces was not quantitatively determined in 
any way. In the second set, however (Brachet 1936), a inicro-Kjeldahl 
method was used, and although no detailed figures were given, the ratio of 
CO2 production dorsal lip/ventral ectoderm was 1*84/ 1-00, determinations 
being made both by an indicator-change method and by a modification of 
the Meyerhof-Schmidt respiratory quotient method. By this latter 
method, the ratio of O2 consumption dorsal lip/ventral ectoderm was 
l'37/l-OO. About the same time Waddington (in Waddington, Needham 
and Brachet 1936) measured the oxygen uptake of isolated pieces in a 
modified Oerard-Hartline capillary micromanometcr, the dry weight being 
obtained by weighings on a miorobalance. In this case, however (Triton 
al'peMfis)^ the respiratory rate turned out to be identical as between dorsal 
lip region and ventral ectoderm: 

Oo, 

DorsiU lip region 0’227 

Ventral t^ctoderm 0*212 

figures which agree very closely with those reported in the present paper. 
Finally, Brachet & Shapiro (1937) devised an ingenious apparatus in whicli 
the intact gastrula was located at the centre of two Gerard-Hartline 
capillaries, so that the respiratory rate of one hemisphere could bo com- 
pared directly with that of the other. With Rana aylvatica embryos a 
difference of 47 % was found in favour of the dorsal lip hemisphere. Tlie 
fact that the difference to be expected was thus only 1’47 times was the 
reason why wo were careful in nearly all our experiments to use dorsal lip 
and ventral ectoderm from the same gastrula.* 

It will be clear, therefore, that the present work on Discoglosaua and 
Amblystorm is in agreement with the results of Waddington et ai,, and not 
with those of Brachet and »Shapiro. We believe, however, that the figures 
of the latter authors, though in ap[)earance ])roviding a sound proof of a 
differential oxygen consumption in favour of the dorsal lip region, do not 
really do so. 

Although it is true that the omission of the four highest points for both 
regions in their series would make the difference between the two regions 

• We do not attach much significance to the difference of 20 % in favour of the 
dorsal hp found by Fischer and Hartwig for technical reasons referred to in the first 
paper of this series. 
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less statistically significant than it is ” 9-96j, wo nevertheless 

do not question the existence of a difference between the oxygen con- 
sumption of the two hemispheres. The Brachet-Shapiro apparatus deserves 
the greatest credit as the only one so far suggested whereby the oxygen 
consumption of regions of the amphibian embryo can be measured while 
it still remains intact. But when it is remembered that the gastrula is a 
relatively complex morphological structure rather than a homogeneous 
sphere, the interpretation of the diffci-ence observed by Brachet and Shapiro 
becomes more involved. When we were making our determinations of 
Amhlystoma isolates we noticed a constantly recurring phenomenon; 
namely that in the manometers the oxygen uptake of the dorsal lip pieces 
would greatly exceed that of the ventral ectoderms, but that this difference 
vanished as soon as the figures for total N were obtained. Although the 
areas of the dorsal lip and ventral ectoderm isolates were approximately 
the same, the figures for total N revealed that, in general, the dorsal lip 
piece contained twice as much material os the ventral ectoderm. We 
attributed this fact to the circumstance that the dorsal lip region consists 
of a double layer (the tissue which has already invaginated, and that which 
is about to do so), while the ventral ectoderm has only one layer and is 
often thinner than either the archenteron roof or the as yet un-invaginated 
presumptive mesoderm. 

If then we consider a gastrula as oriented in the Brachet-Shapiro 
apparatus we see that on the left of the vertical meridian there is ventral 
ectoderm, blastocoele cavity, and a certain amount of yolk endoderm, 
while on the right there are two layers of tissue above the archenteron, a 
certain amount of ectoderm at the ventral blastopore lip, and the major 
part of the yolk. The major part of the yolk endoderm must be situated 
in this hemisphere because the gastrula always floats blastopore downwards. 
If we disregard the yolk endoderm because of its low respiratory rate, it 
is clear that on the right-hand side there is considerably more than one 
hemisphere of highly respiring tissue on account of the invaginated material. 
Brachet and Shapiro were careful to try some experiments in which the 
gastrula was oriented so that the blastopore came equally in both hemi- 
spheres ; they then found the oxygen uptakes to be exactly equal. In short, 
we accept the difference shown by them to exist between the two hemi- 
spheres of the gastrula, but we attribute it to the unequal amounts of 
actively respiring tissue in the two hemispheres, and not to a difference 
of respiratory rate between the dorsal lip region and the ventral ecto- 
derm. 
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These interpretations, however, do not dispose of the differences in CO* 
production found by Brachet (1936) between isolates from dorsal lip 
and ventral ectoderm of known total N content. An identical O2 con- 
sumption with a differing COg production can only mean a different 
respiratory quotient. This will be the subject of our next communication. 

It is interesting to compare the absolute levels of hero reported 
for the amphibian embryo with those for the mammalian egg. For the 
ripe unfertilized egg of the cow, Dragoiu, Benotato and Opreanu (1937) 
have found values ranging from 21 to 35. The contrast with those of the 
order of 0*5 or under for the amphibian embryo remains great oven when 
we allow for the W difference in temperature, and must doubtless be 
due to the fact that the ampliibian egg is highly Iccithic, and that much 
yolk is present even in cells deriving from the animal pole. Immature 
amphibian eggs, which would contain less yolk, show a of — 1 to — 2, 
according to Mostscherskaya (1935). 

The same consideration applies to comparisons between the respiratory 
rate of gastrula regions and adult amphibian tissues. Thus tadpole epi- 
dermis, according to Erdmann and Schmerl (1926) and Bomstein and Klee 
{1927), has of from to — 2*18 (cf. the figures reported by 

Boell, Needham and Rogers for tadpole epidermis of — 1 to — 2). This 
contrasts with the — 0*2 to — 0*3 for ventral ectoderm (presumptive ventral 
epidermis) contained in the present paper. Bdrnstein and Klee found that 
skin from old frogs had a lowered respiratory rate (though not to the 
gastrula level) and that ex plants of skin had a much higher up to 
— 6*75. Comparable data for adult nervous tissue will be found in Winter- 
stein and Hirschberg (1927) and Gerard (1927). The respiratory rate of the 
amphibian embryo is thus of about the same order as that of many adult 
invertebrate tissues; thus anemone tentacles were found by Kramer (1937) 
to have a of about — 1 . 

The thanks of the authors are due to Professor Courtier for help in the 
obtaining of North African toads, and to the Government Grant Com- 
mittee of the Royal Society which partially defrayed the cost of these 
researches. One of us (E. J. B.) held a Rockefeller Fellowship during the 
work. 


Summary 

1. The Cartesian diver manometer has been adapted for the measure- 
ment of oxygen consumption. 

2. The respiratory rate of the dorsal lip region and the ventral ectoderm 
from gastrulae of Diacogloaaua and Amblysioma appears to be identical. 
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Introduction 

No method has so far been published for obtaining the respiratory 
quotient of small pieces of tissue or living organisms the total gas turnover 
of which in the available experimental period is likely to bo of the order 
of cu.mm. In the present paper wo shall describe such a method and 
give details of the results obtained with it on single isolated pieces of the 
regions of the amijhibian gastrula. 

Dixon (1934) and others have given suflicient reasons for rejecting all 
methods which do not determine the oxygen consumption and the pro- 
duction of carbon dioxide on the same }}iece of tissue, so that the simplest 
method on the usual largo scale is that of Dickens and Simer (1930) in 
which annular cups are used. As this necessitates the use of phosphate 
bufter solutions, which are regarded as unphysiological for work with 
mammalian tissues, the later more complicated methods in which bicar- 
bonate is employed came into general use. For the present problem, 
however, in which the amphibian embryonic tissues studied remain per- 
fectly normal in Holtfreter solution or even tap or river water, the diffi- 
culties caused by bicarbonate were avoided. At the same time, we believe 
that it should be by no means impossible to adapt the diver manometer to 
measurement of respiratory quotient even in bicarbonate medium. 

C 374 ] 
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TECHNIQUJfl 

(1) Theory of the method 

In the last paper of this series it was shown that a drop of alkali could 
be made to remain just above the junction of the diver neck with the diver 
bulb if the neck was waxed. In this way, by absorption of COg, oxygen 
uptake could be measured. For the measurement of resj)iratory quotient 
all that it is necessary to do is to take a diver with a neck a little more 
than twice the normal length, and to place in it, when waxed, a drop of 
acid above the alkali droj) and below the oil seal. During the first part of 
the experiment, the CO 2 is absorbed by the alkali and a negative pressure 
results causing a progressive decrease in the buoyancy of the diver (measur- 
able on the manometer). At the desired moment the diver in its vessel is 
subjected to a pressure of about 12 in. of mercury, so that both the alkali 
drop and the acid drop above it are forced down into the bulb, mixing 
with each other and killing the tissue. On removal of the special pressure 
the oil drop returns to its original position, and a positive pressure develops 
causing a rather quick increase in the diver’s buoyancy. This is measured 
by the water manometer in the usual way, and when the buoyancy under- 
goes no further change, the amount of CO 2 liberated is known and the 
respiratory quotient can be calculated. As in the Dickens-Simer method, 
it is necessary to run a separate diver with a piece of tissue as similar as 
possible to the first, blowing down the drops at the beginning of the 
experiment, in order to ascertain apx^roximately the amount of bound 
COa. 

(2) Dimensions anti arrangement of the diver 

Respiratory quotients of divers, as used by us, have a volume of about 
40 A instead of about 25A for anaerobic glycolysis and oxygon consumxjtion. 
Vp is 9* 4 A and the resulting Vfj 25- 6 A. The length of the nock is about 
16 mm. instead of the 6 or 7 mm. as previously described. The neck is 
waxed. 

The arrangement is shown in fig. 1 . Immediately above the bulb con- 
taining tissue and Holtfreter solution without bicarbonate there is the 
drop of alkali, 1-4A of baryta. In the Dickens-Sirner method, m/6 baryta 
is used, with 2*5 n HCl in the side bulb, but when solutions with a six 
times difference of osmotic pressure such as these are placed in as near 
proximity as is demanded by microtechnique, distillation quickly occurs, 
and the drop of weaker solution may almost disappear. We therefore 
brought saturated baryta (about 0*16 m) to a more nearly equal osmotic 
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pressure by the addition of sufficient sodium chloride to make it 2-4 n 
( 0-286 g. NaCl to 20 c.c. saturated baryta). At the same time, to ensure 
an excess of acid to drive off the COj, we use 3-7 A of 2-6 n HCl adjacent 
but higher up the diver neck (see fig. 1). After another small interval there 
is placed a further 1-3 A of the acid immediately in contact with the oil 
seal. This we term the “piston” drop; its purpose will be referred to below. 
Above the oil seal there is the usual air bubble between it and the flotation 
medium of lithium chloride solution. 

The amounts of the various drops are measured by their length in 
millimeters since after a normal coating of the neck with high melting-point 
paraffin wax, 1 mm. corresponds to 1-23A. 


(3) Accessory pressure apparatus 

Tlio means used for subjecting the diver vessels to an additional pressure 
for the blowing down of the drops is .shown in fig. 2, which should be 
compared with fig. 7 of the first paper of the series (Boell, Needham and 
Rogers 1938). The disposition of the water manometer, syringes for con- 
trolling it, diver vessels, and tajjs, is exactly the same as is there indicated, 
but at R is inserted a three-way tap. Whenever it is desired to blow down 
drops in a diver, the tap F is opened so as to safeguard the water mano- 
meter, and whichever vessel required is placed in connexion with R by 
turning its appropriate three-way tap and having taps // and J open to 
connect with R. Compressed air is now allowed to enter through X ; under 
our conditions, at its maximum outflow to tho room through F, a flow 
pressure of 2 or 3 in. is seen in the mercury manometer S, but this is 
insufficient to move the drops very far. V can now bo closed so that the 
outflow goes through W, a throo-way tap so arranged that the pressure 
of the finger or thumb can close it. The pressure is now cautiously and 
steadily applied, being steadily released as soon as the top of the acid drop 
has disappeared into the bulb of the diver. 

If the divers are simply allowed to rest on tho floor of the 
vessels they will bo found to careen over as soon as the pressure 
from the mercury manometer is applied, and if this happens the 
drops will not flow down cleanly into the diver bulb. We therefore 
placed small holders, glass disks with a small length of glass ^ 
tubing attached to them with de Khotinsky cement, at the 
bottoms of the vessels. The tails of the divers enter those tubes when they 
sink after each reading, and when the strong pressure is later applied, the 
divers are held firmly upright (see fig. 3). 
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(4) Proof of the correct return of the oil drop 

In order to establish the correct return of the oil drop after subjection 
to the accessory pressure a good many experiments were made. With 
divers filled with air it was easy to see that no significant difference in 
buoyancy took place before and after the moving of the oil seal by the 
accessory pressure and its return. More important were the tests with 
known amounts of bicarbonate. 

Of a sodium bicarbonate solution giving 104*6 cu.mm./c.o., amounts 
of 1'6A were placed in the diver bulbs, and after equilibrium had been 
attained, acid drops were blown down. The results follow . 


Exp. 

A X 10“* 

% 

vi. 22 

222 

90 


260 

106 

vi. 25 

244 

100 


223 

91 

vi. 23 

219 

90 


245 

99 

vi. 24 

243 

99 


2.30 

94 


238 

97 

VI. 29 

247 

100 


252 

107 

vii. 2 

248 

101 


246 

100 


Theoretical recovery 246*5 

These figures show that the recovery of known amounts of CO^ intro- 
duced into the divers is practically quantitative (98%), 

During the course of these experiments a phenomenon was met with 
for which we have no certain explanation but which we were able to avoid 
by a special precaution. In certain cases the divers, instead of remaining 
at constant buoyancy if they contained water, or giving a good recovery 
of gas if they contained bicarbonate, showed a buoyancy decrease amount- 
ing to as much as — fl cm. on the water manometer. We thought that this 
might be due to some mixture of the oil with the wax on the neck being 
blown down with the acid and forming a monolayer over the liquid in the 
bulb. If then a trace of strong acid remained in the neck, the water vapour 
in the bulb might be absorbed, and not replaced from below. In order to 
stop it, we adopted the plan of placing a “piston” drop of acid im- 
mediately under the oil seal. Whether the explanation was correct or not, 
the practice proved quite effective, and no instance of the phenomenon 
was seen in later experiments. The piston drop returns, of course, with the 
oil seal, after the accessory pressure is removed. 
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( 5 ) IntrodvxiUm of tissue arid rewaxing 

The diver is first filled with Holtfroter solution (without bicarbonate) 
in the usual way, and then, when submerged beside the gastrula isolates, 
the tissue was introduced into it. The excess Holtfreter solution is then 
removed. 

It is absolutely essential, however, to rewax the diver neck after the 
introduction of the tissue. If this is not done, minute traces of mucus 
adhering to the wax will so seriously upset the menisci of the drops 
subsequently put in that they will prematurely flow together, or in the 
end the blowing down will not take place properly. Rewaxing is done very 
simply by holding the diver in such a position that a small length of iron 
wire heated slightly penetrates into the neck nearly as far as the junction 
with the bulb. The wire is conveniently held at an appropriate angle in a 
small stand and at the other end coiled over a microflame. In special tests 
it was found that if vaseline was placed inside the bulb it showed no 
tendency to melt, so there can bo little danger of injury to the tissue unless 
the hot wire is allowed to x)enetrato beyond the neck. 

It is also absolutely essential that tlie paraflin wax coating of the nock 
cease at the junction with the bulb. If it extends even a little way into the 
bulb, the drops will fail to come in contact with the clean glass surface 
when they are blown down, and it will bo quite impossible to get them into 
the bulb. 

(6) Introduction of acid and alkali 

Since it is necessary that the amount of (3O2 introduced into the diver in 
the form of carbonate in the baryta should be reduced to a minimum, in 
order to keep the blank value as low as possible, special ])recautions have 
to be taken in the filling of the divers with the solutions. It was found that 
the use of a stream of COa-freo air under which the divers were filled, as in 
the technique of Linderstrom-Lang and Glick (1938), was quite insufiicient, 
nor was the result much improved when the operation was done with a 
large glass screen intervening between the diver and the operator. Even- 
tually the following technique was adopted as indispensable. 

Baryta is drawn off from the lower layers of a saturated solution (to 
which salt has boon added as described above) by an Agla micrometer 
syringe, in which it is permanently kept. The Agla syringe (Burroughs 
Welcome) holds just over 0-5 c.c. and is provided with a micrometer screw 
head with a Vernier scale. Graduations on the stem correspond to 10 A 
and on the screw head to 0‘2A. The Agla syringe, when filled with extreme 
care to exclude air bubbles, is mounted in a “wind-tunnol” of large-bore 
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glass tubing as shown in fig. 4o. The wind-tunnel, is so arranged that 
two tubes bring in at one end a strong stream of air rendered C 02 -free by 
passing through a soda-lime tower and bubbling through soda. These are 
shown at The same stream runs also through a narrow opening, B^ 

(in actual practice taps have to be inserted in the companion streams in 
order to get a satisfactory flow through B^. The Agla syringe, Z), is mounted 
together with the other tubes in the rubber stopper, C, which carries in 
addition a narrow-mouthed pipette to hold the acid (E). The Agla syringe 
is furnished with a capillary tip attached to it with wax. 0 is a small vessel 
containing mercury which closes the baryta tip when the apparatus is not 
in use; mercury is sucked a little way into the pipette and this effectually 
excludes any air. 



b 


Fia. 4 

The whole apparatus shown in fig. 4 a is set up inside an old balance-case 
from which the ends have been removed and replaced with rubber 
diaphragms. These have holes cut to such a size that when the hands are 
inserted they fit well around the wrists. Through the balance-case there 
circulates an additional stream of COj-free air, so that if by any chance an 
eddy finds its way into the wind-tunnel no great harm will be done. 
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The filling of the divers takes place as follows. They are placed in order 
in a carrier inside the balance-case, and the streams of COj-free air turned 
on. After 6 min. the mercury seal is removed from the end of the baryta 
syringe reservoir and laid on the floor of the wind-tunnel. A small drop of 
baryta is expelled from the tip of the S 5 rringe, which is dried on a piece of 
clean filter-paper. Each diver in turn, which to start with is as shown in 
fig. 46 (i), is then held in the stream of (^Og-free air from the capillary jet, 
for half a minute, after which the requisite amount of baryta is injected 
into its nock from the baryta syringe. It now looks as in fig. 46 (ii). It is 
then held against the opening of the acid pipette and the remainder of its 
neck filled with acid, as in fig. 46 (iii). When all have been treated in this 
way it is safe to remove them from the balance-case, for the acid will 
protect the baryta from the COg of the atmosphere. Naturally the baryta 
syringe tip must be carefully protected by the mercury vessel, C/, before 
this is done. The excess a<!id in the neck is now removed at ease in the air, 
the piston drop is placed in position, as in fig. 46 (iv), and after the oil seal 
has been added, the diver is ready to be placed in the flotation medium 
(fig. 46 (v)). 

With these conditions the solutions blank can bo made so small as to be 
beneath the range of measurement even with the diver manometer, that 
is to say, under one thousandth of 1 cu.mm. 

(7) Reading of divers 

Divers of the volume and neck length required in the present experiments 
were found to behave in the vessels somewhat more sluggishly than 
smaller divers. It is therefore advantageous to substitute for the usual 
magnifying glass outside the bath a travelling microHco|)o of long focus 
arranged on so stable a runway that its cross wires may be used for sighting 
the divers instead of the usual lines etched on the glass of the vessels. By 
this moans minute upward or downward tendencies of the diver near its 
equilibrium position may bo seen, and therefore corrected, more quickly 
than is otherwise possible. This will enhance the accuracy of the readings. 
All the data in the present paper, however, were obtained without the aid 
of a travelling microscope. 

(8) Cleaning of divers 

At the conclusion of the experiment the divers are handled as described 
in the first paper of this series, except that hot toluene is first run through 
them. This removes the wax coating of the neck in a fraction of a second. 
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(9) Determination of constant 

Since the oil drop is in these experiments much farther away from the 
gas space in which the changes are occurring than in the or divers, 
and since it is separated from the gas space by a relatively long column of 
liquid, it is not included in Vp. The alkali, the acid, and the piston acid 
are, however, included. The distance between the lithium chloride meniscus 
and the lower oil meniscus is measured in every case in millimeters, and 
the volume in A is called the dead space [ds), A sample calculation of 
constant is here given (cf. the formula in Boell, Needham and Rogers 
1939, p. 332). 


V (after waxing) 

4213 


da 

492 


11 

1 

37-21 


V, 

9-8 


Va 

27-41 


V^xt/T 

— 

25-a 


— 

0-3 



16-5 


— 

8-6 


— 

21*8 


(10) Tests of the method 

Two tests of the method were made on living material of which the 
behaviour was so well known as to constitute a check on the wliole pro- 
cedure, The first was yeast in glucose to give a respiratory quotient of 
unity ; the second was an embryo of the grasshopper, MeUtnoplus differ- 
entialis, which is known (Boell 1935) invariably a quotient of 0*7 

or a little below. 

For yeast two sample protocsols follow. 

Kxp. vii 4 


1’H7 /^g. dry weight ycaat, t 2 lir. 20 min. 


K, (cm.) 

- J3-7 

- 14-2 

fc,„, (cm.) 

+ 16-3 

+ 17-1 

^iiiiuiiii ('iig (cm.) 

+ 4-9 

+ 4-9 

^hKii (Og (cm.) 

+ 10-4 

+ 12-2 


20-« 

23-7 

*... 

10-1 

19-2 

(Ax 10-*) 

+ 214 

+ 289 

*,,, (Ax 10- >) 

-220 

-272 

B.Q. 

0-97j 

1-00 


In this case the gas turnover was between ^ and cu.mm, in toto. 
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The next two protocols are for grasshopper embryos. They were removed 
from their shells by cutting off the anterior tip of the egg and allowed to 
remain in Belar solution for about an hour before being introduced, one 
each, into the divers. 


Kxp. vii 10 

1 grosshoppor embryo at end of diaf>e.ijHe, / 2 20 min. 


h,^ (cm.) 

- 25 0 

- 23- 1 

A,„, (cm.) 

-f 18-4 

f 16-5 

(cm.) 

+ 5-0 

+ 5-0 

1**1 (cnci.) 

+ 13*4 

+ 11*5 

^tii. 

18-95 

19-6 

K 

14-0 

150 


+ 254 

+ 226 


-365 

-347 

K.Q. 

0 70 

0*65, 


Respiratory quotients for sucli embryos obtained by the usual methods 
always vary between 0-7 and O'B. 


Rksults 

The results are summarized in Table I and fig. 6, In fig. 5 the points are 
arranged according to morphologic^al age according to Harrison numbers. 
Before beginning the experiments it had been expe(*tcd that the blastula 
pieces would give respiratory quotients in the neighbourhood of 0*7 (from 
the work of Brachet 1934 and of Bialaszowicz and F^l^nlowski 1915, on the 
intact embryos) and that neurala isolates would give cpiotients of unity 
(again from the work of Brachet 1934). Both these expectations were 
fulfilled. But when the distribution of the points between these stages, 
i.e. during the gastrulation process, were plotted, it was seen that the 
dorsal lip region has a much more marked tendency to unity than the 
ventral ectoderm. It is not indeed c?ortain that the ventral ectoderm ever 
reaches unity before it becomes completely underlain by mesoderm 
radiating from the sides of the blastopore opening. Pure ventral ectoderm 
cannot bo obtained after the J-moon yolk-plug stage, so in the diagram 
the subsequent area is shaded. 

To show that oxygen diffusion is not a limiting factor in these exj>eri- 
ments, we plotted the respiratory quotient against the oxygon consumption, 
obtaining a random distribution. There was no sign that lower oxygen 
uptakes tended to give higher respiratory quotients. 
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Table I. Resfiratoey quotients of regions of Amblystoma gastrclae 
Harrison t Total X — +*iMn ni. 
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A sample protocol follows : 


Exp. vii 7 

Ventral ectoderm iaolatoa of AiMystoma gaatrulae, I 4 hr. 


Harrison no. 

10* 

lOj 

11 

fco, (cm.) 

- 23-6 

- 13*3 

- 6-4 

A„i. (cm.) 

+ 18-6 

+ 13-1 

+ 3-8 

^hwiiHimt (cm.) 

4* 4-8 

+ 4-2 

+ 1-4 

tti. (cm.) 

+ 140 

+ 8-9 

+ 24 


19-5 

21-96 

22-1 

*<•. 

14-25 

10-0 

10*9 

(Ax 10-*) 

+ 273 

+ 196 

+ 63 

(AxI0-») 

-335 

-213 

-04 

it.«. 

0-8U 

0-92 

0-83 


It will be seen tliat one of these was obtained on a gas turnover of only one 
twentieth of 1 eu.rnin. 



Fio. 5. Reapiratury quoiiunta of isolated pieces of Arnhlyslotna gaatrulae plotted 
against morphological age according to the progreaa of goatrulation. N.B. Quotionta 
above unity are scaled down to unity for diagrammatic purposes (see Table I). 
The aliailed area, in the case of ventral ectoderm, indicatoa that in the late stages of 
goatrulation pure ventral ectoderm can no longer bo obtained. 
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It is interesting* to compare the rates of oxygen consumption noted in 
the presont series of experiments with those previously reported for gastrula 
isolates (Boell and Needham 1939). The averages 'work out as follows: 




Blostiila, roof of blastocoole 

4*2 

Gastrula, dorsal lip region 

6-3 

Gastrula, ventral ectoderm 

4-2 

Nourulu, closing neui'al folds 

4>8 


We are not inclined to regard these differences as significant. If the. two 
highest values for dorsal lip and ventral ectoderm be omitted (both came 
from one gastrula in Exp. ARQ 0), the averages become 3-6 and 3*2 
respectively, i.e. very close to those reported in the preceding paper of this 
series. 

The difference between dorsal lip region and ventral ectoderm as regards 
anaerobic glycolytic rate and the identity of their metabolic level as regards 
oxygen consumption may have appeared contradictory, or at least para- 
doxical. But in the present experiments we see that during invagination 
the respiratory quotient of the regions changes. We have to do, therefore, 
with a progressive alteration of the quality of metabolism during gastru- 
lation, and not with its quantity. 

One of us (H. K.) was on leave from the University Of Louvain, and 
another (E. J. B.) held a Fellowship of the Rockefeller Foundation during 
the course of this work. The expei^s of the work were partially defrayed 
by a grant from the Government Grant Committee of the Royal Society. 


Summary 

1. The Cartesian diver manometer* has been tulapted for the measure- 
ment of respiratory quotient. 

2. During amphibian gostrulation (experiments on Aniblyatoma) the 
dorsal lip region shows a greater trend towards a respiratory quotient of 
unity than does the ventral ectoderm. Though the respiratory quotient 
of the latter rises, it is doubtful whether it attains unity before it is com- 
pletely underlain by mesoderm. 
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The use of chemical potentials as indices of toxicity 
By j. Fjkrouson, Vastner-Kellmr Alkali Companyy Rnncorn 
(Communicated by A. J. Clarky F.R.S. — Received 1 December 193S) 

Intkoduction 

A number of investigations have been published in wliich attempts are 
made to correlate the chemical or physical properties of substances with 
the intensity of their toxic action. Among these there may bo instanced 
the work of Moore (1917) on the toxicity of fumigants towards insects, 
the extensive work of Tattersfiold and his collaborators on contact in- 
secticides and fumigants (Tattersfiold and others 1920, 1925, 1926, 1927), 
the bacteriological investigations of Tilley and Schaffer (1926, 1928) and 
of others (Coulthard, Marshall and Pyman 1930; Dohme, Cox and Millar 
1926; Klarman, Gatyas and Shternov 1931), work on fungicides (Morris 
1926) and the studies of Stiles and his co-workers on plant tissue (Stiles 
and S'tirk 1932; Stiles and Bees 1935). 

In each of the investigations just quoted a more or less wide range of 
chemical compounds was examined. The experiments consisted in the 
determination of the molar concentrations of the compounds which produced 
oqui-toxio effects on a selected orgdnism. The toxicities of the compounds 
studied were then usually assumed to be inversely proportional to the 
values of these equi-toxic concentrations. 
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The equi-toxic concentrations were measured either in an aqueous 
solution in which the organism was immersed or, in the case of fumigants, 
in the gaseous atmosphere surrounding the organism. The toxic con- 
centration, therefore, in no instance was measured in the centres directly 
affected by the toxic agent. 

It can readily be shown that in very many cases of physiological action, 
an equilibrium must exist between the concentration of the active sub- 
stance in the circumambient medium or in the body fluids of the organism 
and its concentration in the particular cells or structures directly affected 
by it. It follows, therefore, that in those coses the measured equi-toxic 
concentrations must be markedly influenced by the phase distribution 
relationships of the various toxic substances. In other words, the measured 
toxic concentration, though usually regarded as an index of toxicity, is in 
reality a function of the intrinsic toxicity of the substance and of its dis- 
tribution equilibrium. Only when the effect of phase distribution is 
allowed for can intrinsic toxicitios be compared, and can valid deductions 
bo drawn regarding possible relationships between cliemical constitution 
and physiological action. Were such iiiforniatiori available, the elucidation 
of the mechanism of action would be greatly facilitated. 

The great influence of phase distribution relationships in determining 
tlio values of physiologically active concentrations is of course recognized 
in the Moyer-Overton lipoid theory of narcosis. In the later form of this 
theory adopted by K. H. Meyor (Meyer and Hemmi 1935), it is assumed 
that isonarcotic effects are produced by the most diverse substances when 
their molar concentrations in the cell lipoids are identical. The widely 
different isonarcotic concentrations measured in the external phase on 
this theory, therefore, are determined entirely by the value of the lipoid/ 
external phase distribution coefficient. It cannot, however, bo said that 
the data produced by Meyer in support of his view enable such a con- 
clusion to be drawn. The theory has also been adversely criticized on 
experimental grounds (Winterstein 1926). 

The purpose of the following paper is to present a method of comparing 
the toxicities of different substances, free from any hypothesis, which, 
when applicable, eliminates entirely the disturbing effect of phase dis- 
tribution on the comparison. It will be shown that the toxic indices so 
determined for any one organism lie within a relatively narrow range of 
values, though the measured toxic concentrations may vary very widely 
from substance to substance. 

The method adopted is to use, instead of the measured concentrations, 
the chemical potentials of the substances in a phase in equilibrium with 
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that phase, (whatever it may be), which is the seat of toxic action. If a 
true equilibrium exists, the chemical potential of the toxic substance must 
be the same in all phases partaking in the equilibrium. Hence the chemical 
potential of the toxic substance at the actual -point of attack is known. 


Equilibrium rkt.ations 

In narcotic action and in certain drug actions the maximum physio- 
logical effect is very rapidly attained and remains at the same level of 
intensity for considerable periods while the organism is in contact with a 
constant concentration of the drug or narcotic. On removal at any time 
to drug-freo surroundings recovery is rapid. It is to bo concluded that in 
these cases of reversible action an equilibrium must exist between the 
concentration of the substance in the external phase and its concentration 
in the affected phase within the organism. 

The most striking evidence that such physical ocpiilibria exist and 
determine the value of the physiologically active coiujcntrations not only 
in cases of reversible physiological action such as narcosis, but in non- 
reversible actions such as the killing of bacteria and insects, is supplied 
by the numerous relationships between physical properties and toxic 
action detected in some homologous scries. This has been pointed out by 
Meyer and Hemmi (1935) for narcotic action. 

Jt is well known that for any one organism the equi-toxic and equi- 
narcotic concentrations of the members of some — but not all — homologous 
series decrease os the series is ascended — a generalization known as Richard- 
son’s rule. The decrease in toxic concentration, as was first shown by 
Fuhner {1904), proceeds in a definite quantitative manner. The equi-toxic 
concentrations of the successive members are proportional to the reciprocals 
of the geometric progression 1, 3, 3®, 3®, .... The value of the multiplying 
factor varies to only a small extent according to the particular series 
tested. Tn straight chain series it seldom differs much from 3. Examples 
of the phenomenon are the narcotic action of the alcohols, alkyl acetates 
and ketones on tadpoles (Overton 1901), the disinfectant action of the 
primary alcohols, ketones, amines and para-phenols towards Bacilhis 
typhosus (Tilley and Schaffer 1926, 1927, 1928), the haemolysis of ox blood 
by urethanes, alcohols, esters and ketones (Kiihner and Neubauer I907)» 
the contact insecticidal action of the alcohols (O’Kano and otliors 193^)* 
the narcotic action of paraffin hydrocarbons on mi(!0 (Fuhner 1921), 
the toxicity of alcohols and esters to potato tuber (Stiles and Stirk 1932). 
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Ab a consequence of this logarithmic rate of decrease, the measured 
toxic concentrations of the higher homologues of a series are relatively 
extremely low. Thus, Clark (1933) found that the concentrations of methyl 
alcohol and dodecyl alcohol solutions producing the same effect on a frog’s 
heart stood in the ratio of (3-11)^^ = 266,000. The extremely rapid decrease 
in toxic concentration does not, however, continue indefinitely. Sooner 
or later a homologuo of maxim urn toxicity is reached, and beyond it the 
higher homologues are either feebly toxic or non-toxic. Examples of this 
sharp cut-off of toxicity can bo found in the data of Coulthard, Marshall 
and Pyinan {1930), Clark (1933), Tattersfield and Roberts (1920), Bousquet, 
iSalzberg and Diet/ (1935), etc. 

In homologous series most physical constants show an approximately 
equal change on passing from one member to the next. There are, however, 
certain properties which behave similarly to the toxic concentration. 
These inclmlc water solubility, distribution between immiscible phases, 
capillary activity and vapour pressure. Water solubility in homologous 
series decreases in a geometric progression as the number of methylene 
groups increases in arithmoti<;al progression, a fact first noted by Fiihner 
(1924). ’Pho ratio of the molocjular water solubility of one member to the 
next approximates to 4-4-5. The relation involving (‘apillary activity is, of 
course, Traubo’s rule. 

To illustrate these relationships reference may be mode to fig. 1 in which 
the logaritlims of the water solubilities, the isocapillary concentrations, the 
vapour pressures and the concentrations toxic to B, typhosus of the normal 
primary alcohols are plotted against the number of carbon atoms. The data 
other than the toxicity data have been taken from Landolt-Bornstein, 
Physikalische Tabellen. They all refer to 25° C, The figures for the con- 
centrations of the alcohols toxic to B. typhosus have been calculated from 
the molecular phenol coefficients determined by Tilley and Schaffer (1926). 

It will be noted from fig. 1 that the logarithms of the concentrations, 
etc. lie on straight lines when plotted against the number of carbon atoms 
in the moloculo, oxcuspt in the case of methyl alcohol, and it is further 
apparent from the existence of tliis exception that a very close correlation 
exists between certain physical properties and the toxic concentration. 

In fact the toxic concentration can be calculated with great accuracy 
by expressions of the form 

or 

where is the solubility in mol./litre of the rth member of the series, 

the vapour pressure, k and 1 jn being constants, n being greater than unity. 




number of carbon atoms 
Fio. 1, Properties of normal primary alcohols. 

I. Solubility (mol. x 10-*/litre), 

II. Toxic concentration for B, typhoaua (mol. x 10“*/litro). 

III. Concentrations reducing s.t, of water to 60 dynos/cm. (mol. x 

IV. Vapour pressure at 26° (mm. x lO*). 

V. Partition coefficient between water and cotton seed oil ( x 10®). 
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meaBured and in the cell elements whoso affection determines the 
narcosis. 

For all these constants are expressions of a distribution between hetero- 
geneous phases. Solubility is the expression of the distribution of a sub- 
stance between the pure, or more correctly the relatively pure, solid or 
liquid phase, and its saturated solution; vapour pressure corresponds to 
the distribution between the pure solid or liquid phase and its vapour; 
surface activity is the expression of the distribution of a solute between 
the surface layer of a solution and its main bulk. 

Since the molar toxic concentrations in a homologous scries change on 
ascending the series not by equal steps but that instead their logarithms 
decrease by equal steps, it is to bo concluded that they are largely deter- 
mined by a distribution equilibrium between heterogeneous phases — the 
external circumarnhient phase where the concentration is measured and 
a biophase which is the primary seat of toxic action. As K. H. Meyer and 
H. Hemmi (1935) in dealing with narcosis have pointed out, this deduction 
is valid without having to specify the nature of tlio affected biophase. Tt 
may be lipoid or some other homogeneous phase, or it may be a surface 
layer, i.o. the equilibrium may be an adsorption equilibrium. 

The reason for the logarithmic change of distribution coefficients in 
homologous series is enlightening. It was first stated by Langmuir os an 
explanation of Traube’s rule (Langmuir 1917) and has been extended by 
Frumkin (1925). It can be readily shown (see Le\vis and Randall, Thermo- 
dynamics) that when a substance is distributed in equilibrium between 
two immiscible phases the partition coefficient k is given by the following 
expression : _ I 

where FI and i^2 partial molal free energies of the substance in its 

standard states in phases 1 and TT respectively. 

Tn other words, the linear relation found in homologous series between 
the logarithms of various types of distribution cocfficiient and the number 
of carbon atoms in the molecule simply means that there is a constant 
increment for each successive homologue in partial molal free energy 
difference between the standard states in the two phases. 

Typks of toxic action 

The existence of an equilibrium between the external and internal 
concentrations of substances exerting a physiological effect leads to two 
important consequences. 
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Firstly, when an equilibrium exists, and when the physiological effect is 
a function of the external concentration, it may be concluded that an 
irreversible chemical reaction with the constituents of the living cell does 
not occur. Nor can the results bo explained by a heterogeneous chemical 
equilibrium of the diphenylamine picrate type (Walker and Appleyard 
1896). On the contrary, it is justifiable to assume that the primary action 
is of a physical character. It may, for example, consist of adsorption of the 
substance on certain cell structures, or solution in the lipoids, or coagula- 
tion of cell proteins, etc., Narcosis has, of course, long been recognized 
to bo due to a physical action of the narcotic substances (Heftor 1923). 
Narcotics act as whole molecules. The relations noted in homologous series 
indicate that in many other reactions between chemical substances and 
living matter, e.g. bactericidal and insecticidal action, the primary 
mechanism is of a physical character. The primary process is reversible 
and the irreversible effects culminating in dcatli of the organism must be 
due to secondary processes. 

The existence of direct correlations between solubility or vapour pressure 
and toxic concentration may therefore be used as a criterion to determine 
if the toxicity of a group of substances is to be referred to a physical or 
chemical mechanism. 

All substances apparently can exert a physiological action by a physical 
mechanism. Even an inert substance like nitrogen at a sufficiently high 
pressure will induce narcosis (Meyer and Hopff 1923). The physical effect, 
however, may bo, and frequently is, masked by a specific chemical effect. 
In some homologous scries the lower members are to be regarded as 
chemically toxic. Chemical reactivity predominates. But, as the series is 
ascended, physical toxicity will come more and more into evidence until 
it swamps the chemical effect. The first members, therefore, will bo ap- 
proximately of tlie same apparent “toxicity” (as measured by the equi- 
toxic concentrations in the external phase), or will show a decreasing 
“toxicity” as chemical reactivity declines on ascending the series.- At some 
point in the series physical toxicity will become predominant and the 
succeeding members will exhibit the rapid decrease in equi-toxic con- 
eventration normally found in homologous series. 

An example of the appearance of the homologous effect is given by Dent's 
data (1932) on the toxicity of the aldehydes to the potato tuber (Table 1 ). 

von Oettingen (1936) found that the toxicity of the alkyl thiocyanates 
to mice decreased from methyl to hexyl thiocyanate. The decrease was 
shown to be correlated with the simultaneous decrease in the ease of 
splitting of hydrocyanic acid from the molecule by the organism. 



394 


J. Ferguson 


Table: I 

Relative toxicity 


Aldehyde per mol. 

Formaldehyde l-OO 

Acetaldehyde 0*64 

Propionaldehyde 1'28 

Butyraldehyde 1*64 

Valeraldehyde 7*27 


Chemical potential as a toxic index 

Granting that in coses of physical toxicity an equilibrium exists between 
the external and internal concentrations, an interesting deduction con be 
drawn. The chemical or thermodynamic potential of the toxic substance 
must be the same in each phase. Since the thermodynamical potential 
can be measured in the external phase, its value in the phase affected is 
known. The thermodynamical potential to be used here is the partial 
molal free energy of the substance refcrre<l to a standard state. 

For perfect gases or jierfect solution the partial molal free energy of a 
substance F in any given state is given by the equation 

F^F^^MTlogG, 

where is the partial molal free energy in the standard state and C is the 
molal concentration of the substance. 

With non -ideal solutions, etc., it is convenient to introduce in place of 
the concentration 6^, the function known os activity” which is defined 
by the equation _ 

F = Fp-fijr log a. 

Tf the activity of the pure toxic substance is put equal to unity and its 
activities in the two phases referred to this standard state, then the 
activities of the toxic substance in the two phases are ecjual and its activity 
in the phase, whatever it may bo, which is the seat of the toxic action is 
known by measurements of tho activity in the external phase. It is 
suggested that activities rather than concentrations should be used as toxic 
indices for comparative purposes. 

Few measurements exist of the activity of organic non-electrolytes in 
solution. The activities of the alcohols in aqueous solution at several con- 
centrations have been determined by Butler, Thomson and MacLennan 
(1933). The activity-concentration relationship is also known for methyl 
acetate, acetone, pyridine, aniline, in aqueous solution (Landolt-Bomstein, 
Tabdlen). 
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When such measurements are lacking it is possible sometimes to obtain 
a value for the activity to a greater or less degree of approximation. Thus 
if the toxic agent is applied to the test organism as a vapour, e.g. in insect 
fumigation experiments, the activity is given with fair accuracy by pjpg, 
where pf is the partial pressure of the fumigant, in the fumigation space 
calculated from the dosage in mol./litre and p, the saturated vapour pres- 
sure of the substance at the temperature of the experiment. When the 
toxic agent is applied in solution, and is a substance of limited solubility, 
the activity at the toxic concentration can bo very approximately put equal 
to Si/Sq, where Si is the molar concentration of the toxic solution and 
its solubility in mol./litre (or mol. fractions). Though, of course, con- 
siderable errors may be introduced by this latter procedure, it will be 
sufficiently accurate fur the use made of it in what follows. 

Utilizing the measurements of Butler, Thomson and MacLennan (1933), 
the activities of the alcohols in equi-toxic solutions for various toxic and 
narcotic actions have been calculated from published results. 


These 

are given in Table II. 







Table 11 




Inhibition of 

Bactericidal 



dovelopiiiont of 

concentration 

Fumigation 


8 oa urchin eggs 

li. typhostia 

rod sindor 


(Fulmer 1904 ) (Tilley and SchitfFer 1926 ) 

A . .. * 

(Hoad 1932 ) 

A ... 


f 

\ 


•\ 

^ ^ 

Alcohol 

Mol./l. 

Activity 

Mol./l. 

Activity 

Mol./l. Activity 

Methyl 

0-719 

0-019 

10-8 

0-33 

000017 0-2« 

Ethyl 

0-4()H 

0-026 

4-86 

0-32 

000010 0-32 

Propyl 

0-136 

0-034 

1-60 

0-34 

0000047 0-42 

Butyl 

0-0454 

0-043 

0-45 

0*37 

0000017 0-47 

Amyl 

0*0204 

0-070 

0-13 

0-52 

0 0000081 0-66 

TTexyl 

— 

— 

0-039 

0*63 

— 

Hoptyl 

0-00172 

0-112 

0-012 

0-74 

— — 

Octyl 

0 00051 

0-113 

0-0034 

. 0-88 

— — 



Tadpole narcosis 

Haemolysis of ox blood 



(Overton 1901 ) 

A . _ 

(Fuhnor and Neubauor 1907 ) 

A 


Alcohol 

"mo 1 ./ 1 . 

Activity 

Mol./l. 

1 

Activity 


Methyl 

0-67 

0 014 

7-34 

0-22 


Ethyl 

0-29 

0-020 

3-24 

0*22 


Propyl 

0-11 

0-029 

1 08 

0-24 


Butyl 

0-038 

0-038 

0-318 

0-27 


Amyl 

— 

— 

0-091 

0-31 


Hexyl 

— 

— 

— 

— 


Heptyl 

— 

— 

0-012 

0-77 


Octyl 

— 

— 

0-004 

0-87 
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If any one column is taken in Table II, there will be noted a very rapid 
decrease in the toxic concentration measured in the circumambient 
medium as the series is ascended. Thus the toxic concentration of octyl 
alcohol to B, typhoma is about 1/3000 that of methyl alcohol. The activity, 
however, while increasing, shows only a small change, hardly trebling in 
value in passing from methyl to octyl alcohol. 

This relatively small change in the activity, increasing as the series is 
ascended, is generally observable in homologous series. Further examples 
are given in Tables III and IV. 

Tablk III. Isonarcotic and isoha emolytic concentrations 
AND activities OF ALKYE ACETATES 

Tadpole narcosis ITaftinolysis 

(Ovorton 1901) (Fuhner and Neubaucr X907) 


{Substance 

Mol./l. 

Activity 

Mol./l. 

Activity 

Methyl acetate 

008 

0020 

M6 

0*43 

Ethyl acetate 

0 03 

0 035 

0-47 

0*66 

Propyl acetate 

001 

0046 

01 6 

0*71 


Table IV. Isonabcotic concentrations and activities 

OF PARAFFIN HYDROCARBONS FOB MICE (FUHNBB 1921) 


Substance 

Isonarcotio cone, 
mol./l. 

ptip$ 

(activity) 

Pentane 

0*00.52 

0*29 

Hexane 

0*0017 

0*34 

Heptane 

0*00064 

0*44 

Octane 

0*00032 

0*82 


It will be apparent, if a series is ascended sufficiently far, the rate of 
increase in toxic activity being maintained, that a member will be reached 
exerting the same toxic effect as the lower members at an activity near 
10 ® unity, i.e. only when it is present as a saturated vapour or as a saturated 
solution. Beyond this member the further members of the series will be 
non -toxic or only feebly toxic under the same experimental conditions. 

This is in fact the “ cut-off ” in toxicity already referred to. The “increase 
of toxicity” of fumigants as the boiling point rises, followed by a sharp 
decline beyond a critical boiling point noted by Moore (1917) and Tatters- 
field and Roberts (1920), is a further example. 

The position of the cut-off in any series will depend on the resistance of 
the organism to the toxic agent. Very resistant organisms will cause the 
cut-off to appear early in the series. This is made clear by examination of 
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fig. 2. Tn this, Tilley and Schaffer’s data for the toxic concentrations of the 
primary alcohols to both B. typhosus and Staphylococcus aureus are plotted 
on a logarithmic scale against solubility.* 

Since Staphylococcus aureus is a more resistant organism than B. typhosus, 
the intersection of the toxic concentration line with the saturation line 



Fiu. 2. bactericidal concentration v, solubility for normal jir unary alcohols. 


occurs earlier in the series. In agreement with this Tilley and Schaffer 
could obtain no phenol coefficients for alcohols higher than arnyl alcohol 
when working with the former organism. 

The above considerations satisfactorily explain the so-called “quasi- 
specific effect” of the bactericidal and fungicidal action of homologous 

* Since Tilley and Schaffer report only molecular phenol coefficients, it has been 
necessary to convert their results to molar concentrations to assume that in the 
technique and imder the conditions usimI by them phenol killed B. typhosus at a 
dilution of 1 in 106. Any modorato error in this assumption does not affect the 
argument. The same assumption was mode in constructing fig. 1. 
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scries referred to by Klarman, Shternov and Gatyas (i934)« They observed 
the usual increase of the toxicities of the alkyl derivatives of ortho and 
para chlorphenols with increasing molecular weight up to a maximum 
followed by a sharp decrease. The point of maximum toxicity varied 
according to the organism tested and from their results it is apparent that 
the maximum occurred earlier the greater the resistance of the organism. 
They attempt to divide organisms into two classes according as to whether 
they exhibit this “quasi-specific*^ effect or not and to correlate the differ- 
ence with their response to gram stain. The simple explanation given above 
is all that is necessary. 

Another example of the selective effect is furnished by the action of the 
alkyl resorcinols on differently resistant strains of B. typhoms (Tilley and 
Schaffer 1928). 

The same type of cut-off will bo observed in cases of heterogeneous 
equilibrium concerning homologous series. It will always occur if on 
ascending tlio series the rate of decrease of solubility is greater than the 
rate of decrease of the distribution coefficient acpieous phase/non-aqueous 
phase. Thus the distribution coefficient between solution and surface 
which is an expression of surface tension lowering decreases by the ratio 
3 ; 3 for each member of a homologous series (Traube^s rule). The solubility 
decreases by the ratio 4 . Therefore a point of maximum capillary activity 
will he reached on ascending a series. This is the case as shown by Clark’s 
measurements of the surface tensions of aqueous alcohol solutions (Clark 
1933), The position of the maximum will vary according to the value of 
the surface tension lowering taken for comparison. Adsorption on a solid 
surface will also show the same phenomenon. An example is supplied by 
Schilow and Nckrassow (1927), who found that in adsorption on charcoal 
from aqueous solutions the increase of arlsorption corresponding to the 
addition of methylene groups exhibited a maximum value for the middle 
members — in their examples members with 6 or 6 carbon atoms. 

Table V illustrates the use of the activity function in comparing the 
isonarcotic concentrations of substances of varied chemical composition 
applied in the vapour or gaseous state, as determined by Meyer and Hemmi 

(* 935 )- 

Narcosis is generally agreed to be due to a physical action of the mole- 
cule and not to a chemical reaction. The narcotic concentrations in Table V 
are equilibrium concentrations. Hence the activity function can be used 
to express the results. It is seen from Table V that though the isonarcotic 
concentrations of the different substances in air exhibit a wide range of 
value, the corresponding activities vary through a much more restricted 
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range. Meyer and Hemmi point out that the concentrations of these 
substances in olive oil solutions in equilibrium with the isonarcotic vapour 
concentrations also vary through a relatively restricted range ( 0 - 04 ^ 0 - 10 ). 
This is regarded as a support for the lipoid theory of narcosis. In effect, 
taken in conjunction with Table V, all it means is that the substances 


Table V. Isonarcotic concentrations of oases and 
VAPOURS FOB mice AT 37 ° C 



Saturation pressure 
at 37”C(p,) 

Nareotif! cone. 

Activity 

SubstanoH 

nun. 

% by volume 

PilP% 

Nitrous oxido 

59,300 

100 

001 

Acetylono 

51,700 

65 

001 

Methyl other 

6,100 

12 

0-02 

Methyl chloride 

6,900 

14 

ool 

Ethylano oxido 

1,900 

5-8 

002 

Ethyl chlondo 

• 1,780 

5*0 

002 

Diotliyl other 

830 

3*4 

0-03 

Metliylal 

030 

2*8 

003 

Ethyl bromide 

725 

1-9 

0-02 

Dimothylacetal 

288 

1-9 

0-05 

Diethylformal 

no 

10 

0-07 

Dichlorothylcno 

450 

0*95 

002 

Carbon disulphide 

500 

M 

0-02 

Chloroform 

324 

0 6 

001 


studied, when in dilute solution in olive oil, do not depart oxtreinoly from 
the behaviour expected by Raoult’s law. Their observation while not 
inconsistent with the lipoid theory of narcosis in no way supports it. 
Table V indicates that narcosis might equiUly w'ell be ascribed to adsorption 
on certain cell structures and that different substances pro<]uco equal 
depths of narcosis at adsorption potential values which lie within a 
relatively narrow range. The differences in the activity values are to be ^ 
ascriliod to differences in chemical constitution. 

In Table VI the activities of various organic substances equi-toxic to 
/?. typhosus have been calculated from the data of Tilley and Schaffer 
(1926, 1927, 1928). Again, though there are differences in activity, the range 
is restricted. Since it has alreatly been shown that the alcohols act primarily 
physically upon this organism, and since the activities of the other sub- 
stancesof distinctly different constitution are of thesame orderof magnitude 
as the alcohol activities, it is a plausible assumption that they also act by 
a physical mechanism. 

This argument is strengthened by a consideration of Table VII. Here, 
so far as the known vapour pressure data allow, the relative humidities 
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(activities) of the toxic coacentrations of organic vapours to wireworms 
determined by Tattorsfield and Roberts (1920) have been calculated. 
Fourteen substances of unknown va{)our pressure have been omitted from 
the table. Twenty-seven other substances which were completely non- 
toxic to wireworms are also listed by Tattersheld and Roberts. These are 
all substances of high molecular weight and low vapour pressure. Their 
lack of toxicity is to be ascribed to the same type of effect as illustrated 
in fig. 2. 

Table VI. BAcTKiucinAL concbntbattons and activitibs of 

ORGANIC SUBSTANCES IN SOLUTION 



Molecular 

Bactericidal 

Solubility 



I>heiiol 

couooiitration 

at 26^ C 

Activity 

Substunco 

coefTicient 

mol./). 

mol./l. aSq 

or SJa% 

Phenol 

hO 

0'097 

0*90 

on 

o-Cresol 

2-5 

0039 

0*23 

0*17 

♦Methyl 'oclyl alcohol 

0 009 -29-0 

10*8-0-0034 

(30-0*004 

0*33-0 88 

Propaldehydo 

0 09 

1 08 

2*88 

0*37 

Thymol 

‘15 

0*0022 

0*0067 

0*38 

Acotono 

0026 

3-89 

00 

0 40 

Methyl ethyl kotono 

0 078 

1*25 

3*13 

0*40 

Amlme 

0-56 

0*17 

0*40 

0-44 

Cycluhexanol 

0*65 

0*18 

0*38 

0*47 

liosorcinol 

0-32 

3*09 

6*08 

0*54 

Methyl f>ropyl ketono 

0*25 

0-39 

0*70 

0*56 

Putyrahlohydo 

0*26 

0*39 

0*61 

0*76 


* Soo Tiiblo TT for individual valuea. 


It will be seen that the Mubstanees can be arranged in two distinct 
claHses on the basis of their toxic activities. There are those which are 
eflEective at very low values of and those toxic in a range from 0*1 to 
saturation. The latter class are as a whole inert and unreactive substances 
of the typical narcotic type. If the substances are classed on the basis of 
their toxic concentration, the composition of groups of high, medium and 
low toxicity would bo quite different from the above. Inert substances 
such as iodobenzene and bromoform would be classified along with highly 
toxic and reactive substances like hydrocyanic acid and ammonia. These 
latter substances are to be regarded as chemically toxic and the use of the 
activity index in such cases corresponds to no physico-chemical reality, 
since the toxic effect is not determined by an equilibrium concentration, 
but by the number of molecules reaching the seat of toxic action. 

Consideration of Tables IV-VI leads to the conclusion that, in cases of 
physical toxicity or of narcosis, in order to exert a specified action on a 
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Table VII. Insectioidal concentrations and activities 

OF ORGANIC VAPOURS 



Toxic concentration 


Relative humidity 


millionths g. mol. 

Vapour 

of toxic 


per 1. lethal in 

jiressuro at 

concentration 

SubHtanco 

1000 min. at 15"^ C 

15” C mm. p. 

PJPm 

Benzyl chloride 

4 

0-36 

0-2 

Chlorpicrin 

2 

13-82 

0-003 

Munomcthylanilmo 

3 7 

0*22 

0-3 

Dimothyianilino 

6-6 

0-28 

0-4 

Phenol 

10-6 

0-15 

8at. 

Hydrocyanic acid 

20 

500 

0-0007 

Ammonia 

23 

5450 

0-00008 

Monomothylamino 

24 

1850 

0-00023 

Dimothylamino 

22 

1090 

0-00036 

Kthylammo 

22 

720 

0-0004 

NitrolMmzene 

24 

0 08 

Sat. 

Aniline 

27 

0-28 

Sat. 

lodobonzonc 

50 

0-65 

Sat. 

o-Dichlorbonzono 

70 

0-77 

Sat. 

Pyridino 

76 

104 

0-1 

Bromoform 

04 

,3-2 

0-6 

Bromben/ene 

06 

2-4 

0-7 

Monochlortoluone 

120 

2-4 

0-9 

Tetrachlorcthano 

141 

4*2 

0 6 

Chlorbenzene 

200 

6-8 

0-5 

p- Xylene 

230 

7-0 

0-6 

rn-Xylono 

2.30 

7-0 

0-6 

Toluene 

420 

17*0 

0-4 

Carbon disulphide 

526 

245 

0 04 

Nitroinethane 

710 

23 

0-6 

Benzene 

775 

58 

0-2 

Heptane 

800 

27 

0-5 

Chloroform 

1040 

128 

0-2 

Carbon tetrachloride 

1600 

73 

0-4 

Trichlorothylono 

1200 

52 

0-4 

Hexane 

3000 

96 

0-6 

Dichlorothylone 

3100 

2.30 

0-2 

Pentane 

16600 

320 

0 n 


selected organism the concentration of the substance applied in solution 
or in the vapour form must first be fwijustod to a value such that its thermo- 
dynamic potential lies within a relatively restricted range of possible values 
characteristic of the organism. Thereafter a much smaller adjustment 
determined, in the first place, by the chemical constitution of the substance 
is necessary to obtain the effect specified. 

Phase or adsorption equilibria are the main determinants of toxic 
concentration in such cases. To elucidate the mechanism of the essential 
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biological reaction this must bo allowed for, and can be allowed for, by 
using, instead of the concentration, the activity function as a toxic 
index. 

There does not exist at present a sufficient number of accurate toxicity 
data, together with activity data, to enable any profitable discussion to be 
made of the differences in activity value, which, in this paper, are ascribed 
to chemical constitution. The most that can bo said is that increasing 
molecular weight is correlated with an increasing value of the toxic 
activity. 

By itself a thermodynamic function cannot, of course, yield much 
information on mechanism. It is imjN)S8ible to tell from activity data alone 
whether the distribution equilibrium is between two homogeneous phases 
or between a homogeneous phase and a surface layer. But a study of the 
behaviour of the activity function in other cases of heterogeneous equilibria 
— adsorption and simple distribution — should enable a solution to be 
reached. 

The separation of toxic action into two main classes -chemical and 
physical — and the use of activity function in evaluating data dealing with 
the latter type, introduces, it may be claimed, a great clarification into 
the field of toxicity studies. The generalisation that in (iases of physical 
toxicity the activities of the toxic substances lie within a relatively 
narrow range for any one organism, embnK'P.s in one statement many 
published generalizations of narrower scope. From it, for example, follow 
Richet’s rule (1893) according to which the “toxicity” of a substance is 
roughly inversely proix>rtional to its solubility, and the boiling point rule 
of Moore (1917) whereby the “toxitiity ” of insect fumigants increases with 
boiling point and consequently with decreasing va)X)ur pressure. The 
parallelism between physiological action and oil-water distribution ratios 
is really a case of Riohet’s rule and thus comes within the activity general- 
ization. The same may bo said of the parallelism between physiological 
action and surface tension lowering. From the work of Fiihnor (1921), it 
is apparent that there is no intrinsic connexion between the two, and 
where a correlation does exist it is merely due to tlie fact that highly surfacje 
active substances are also usually very slightly soluble. 

The author wishes to express his gratitude to the directors of Imperial 
Chemical Industries, Ltd., for their kind permission to publish this 
paper. 
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Summary 

From a review of published data it is concluded that two main classes of 
toxic action exist. Tn one class the effects are due to chemical reaction. 
In the other a physical mechanism is at work. Criteria are given whereby 
the two classes of toxic action may bo distinguished. All substances can 
exert physiological effects by a physical mechanism though the physical 
action may be, and frequently is, masked by a specific chemical reaction. 

Physiological effects due to a physical mechanism arc generally measured 
when an equilibrium has been established between the concentration of 
the toxic substance in the phase, solution or vapour, in which it is applied 
and the concentration in the phase or surface layer which is the scat of 
toxic action. Since the chemical i)otential of the toxic substance must bo 
the same in all phases partaking in the equilibrium, it is suggested that the 
toxicities of physically toxic substances should bo compared, not by tlie 
values of the toxic concentration in the external solution or vapour, but 
by the values of the chemical potentials in these phases. (Jhemicjal poten- 
tials so determined are identical with the chemical potentials at the actual 
point of attack within the organism. By tliis procedure the disturbing 
effect of phase distribution is eliminated from the comparison of toxicities. 

Using the activity function of G. N. Lewis as the chemical potential, it 
is found that, when chemical reaction is absent, though diverse chemical 
compounds exert the same toxic effect on a given organism at widely 
different concentrations, the activities corresponding to these concen- 
trations lie within a relatively narrow range. I’he differences in activity 
within this range are ascribed to the effect of chemical constitution. 
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Some factors producing individual differences 
in dark adaptation 

By L. R. Phillips 

From the Department of Psychology, University College, London 
(Communicated by C. Lovatt Evans, F.R.S. — Received 13 February 1939) 

Since Aubert’s (1864) original work, many attempts have been made to 
describe or to classify individual variations in dark adaptation. Piper 
(1903) andlater Wolfflin (1905) distinguished two main classes, one showing 
a rapid initial rise in sensitivity, with a high final maximum, and the other 
a slower increase, with a lower final value. Lohmann (1907) showed that 
dark-adaptation curves obtained with the homatropinized and eserinized 
eye were very different and suggested that pupil diameter was the under- 
lying factor. Best (1917) found two main ty{ie8, one with a rapid initial 
increase in sensitivity, and the other with a slower increase, both reaching 
approximately the same final values. He nevertheless states that the final 
thresholds of normal observers differ by ivs much as 12 : 1. Cobb (1919) 
found threshold differences of 7*4 : 1 after 30 min. in the dark. Flugel 
(1921) also mentions two classes characterized by unusually slow, or 
unusually rapid, initial rises in sensitivity. Wynn Jones (1921) found 
considerable differences in observers (26 : 1 after 16 min. in the dark), 
dividing them into those whose dark adaptation was (a) poor at the 
beginning and at the end, (6) poor at the beginning and good at the end, 
(c) good at the banning and good at the end, (d) good at the beginning 
and poor at the end. Matthcy (1932) also grouped individuals into the 
&ame four types. 

Gross deficiency in vitamin A undoubtedly produces marked differences 
in dark adaptation (see for instance Tansley 1939). Convincing data on 
this subject have been advanced by Fridericia and Holm (1925), Tansley 
(1931) and by Guilbert and Hart (1935)1 in animals. Rocontly Kdmund 
and Clemmeson (1936) and others have claimed that a small deficiency 
even in apparently healthy individuals will produce some slowing in the 
process of dark adaptation. Excluding deficiency in vitamin A, no physio- 
logical factor is generally held to bo responsible for individual variations 
in dark adaptation, nor is any real division into typos recognized. 

[ 406 ] 
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The present experiments wore designed to determine the influence which 
the diameter of the pupil, colouring, visual acuity and age might exercise 
on the dark adaptation of individuals, after variations due to deficiency 
in vitamin A had been as nearly as possible eliminated. 


Apparatus 

A description of most parts of the apparatus has been given in a previous 
paper (Lythgoe and Phillips 1938). 

Briefly it conHistwl of a whit(j octagonal chaTn>)er in which the observer sat facing 
an opal glass test patch. Dining light tulapfution the chamber was cajiablo of l>euig 
evenly illuminated ovi»r a wide lango of values, with a maximum, os moasured by 
a lumetcr, of 1 30 equi v. ft c. The test-patch illuminations were projected from a room 
behind thn fiKm^rver by mi'ans of a lens, through a shutter which regulated the intor- 
mitt<mt stimuli. Tlio illuminations wen' provided by calibrated and standanlized 
headlamp bulbs working under known conditions of voltage, whilst changes in 
illumination wore jirovided both by moving those lamps on a 3 m. optical bench, 
and by tho interposition of suit able diaphragms between the components of the 
projecting Ions, Elaborate jirec^autions wero taken for correcting candle power 
changes in tho lamps duo to ageing. Calibration of the tc'st-pateh illuminations 
was by a substitution mctliod, using a Weston photronic cell m aorioj? with a aonsitivo 
galvanomot-iT as photomoti'r, and expressing illuminations in ten ns of the candle 
fKiwor of a lamp stanrlardiziul by tho National Physical Laboratory, Corri'cting for 
the reflexion factor of the test patch, the total range of test-patch brightnesses was 
found to he from 5’(i x It) " to 2 2 x 10"^ eqiiiv. ft.c. 

The teat patch was circular, and subtcndc'd a visual angle of 12J°. Tlie stimuli 
occurred every 2-5 si'C. for a duration of 0*2 sec, 'I'he nsl (VWatten no, 25) fixation 
s|H)t was projecteil to the centre of tho teat patch, and its brightness could be varied 
liy tho observer. Fixation was thus central, and observation circumfoveal. The 
onset of darkness, tho responses of the observer, the time of each flash, and 6 sec. 
time signals were recorded by a three-pen marker on a moving band of paper. 

Tho additional apparatus necessary for jiiipil photography was the same as that 
used by Lythgoe ( 1932 ) except that the eye was illuminated by an mfra-rod flash 
and infra-red plates wore used. Fixation spots wore arranged so that tho accommoda- 
tion was exactly tlie same for all observc'rs. Tlie exposure both durmg light adaptation 
and in the dark was soc., this being short enough to oluniiiato pupil movements. 
Tlie negntivi's wem of normal dt'iisity and thoir reduction was 0‘603. The pupil 
diameter wus measured directly from them by means of a travelling microscoxM). 
Since relative size only was riMjnired, the apparent pupil dinmotcr uncorrcctod for 
comeal refroi^tion was used m tho calculations. 


Exi*KRIMJfiNTAL PROCEDURE 

The experiments were divided into two parts. In tho first, male observers, 
of much the same age, and approximately emmetropic, were dosed with 
vitamin A for some days previous to the determination of dark adaptation. 
In the second, observers of both sexes, of widely different ages, were tested 
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without previous dosage, but with chances of serious vitamin A deficiency 
reduced by the choice of suitable observers. 

In the first group, the influence of pupil diameter, general colouring and 
visual acuity were investigated, after possible variations due to age and 
vitamin A content had been eliminated. The observers were male medical 
students of approximately the same age, and each had received regular 
dosage amounting to 100,000 units of vitamin A 8j)read over a ])eriod of 
6 days previous to his examination. 

Previous study of day to day variations in dark adaptation had sliown 
that the effects of exposure to strong daylight upon subsequent dark adapta- 
tion were far reaching, especially if observers had experienced it a short 
while before their entry into the light adaptation chamber. Por this 
reason the examinations were conducted after dark in the evenings of the 
winter months, from December to March. In a similar study it was found 
that, with the method of testing employed, practice effects were small. 
Any effects which might be present due to this cause wore small com])ared 
with day to day variations of the observer, and quite insignificant when com- 
pared with the differences in dark adaptation found in different individuals. 

Upon arrival, the observer was given a short ophthalmological examina- 
tion. The fundus was examined so as to exclude pathological abnor- 
malities, and in addition an estimate w'as made of the quantity of retinal 
pigment. The latter was done both by noting the general colour of the 
fundus (slate, bright red, etc.) and by noting whether the retinal pigment 
was scanty enough to render visible the choroidal vessels in the peripheral 
retina. Visual acuity was determined for the two eyes separately, and also 
together. Snellen’s test types at 6 m. were used, illuminated by 4-4 ft.c. 
Using both eyes, wdth glasses when these were worn for tlio test, thirty- 
eight out of the forty observers had vision bettor than 6/6 (75 % of letters), 
one had vision of 6/12 (all), and another 6/9 (50%). A rough estimate of 
the observer’s refracjtivo error was made by the subjective method. Aj>aTt 
from observer no. 20 who had an error of “4*5 D. Sph. (L.E.) and —0-5 
D. Sph. (R.E.), the refractive error of no observer in this group exceeded 
+ 1*26 D. or — 1 D. in any meridian for either eye. In addition, tests were 
made for heterophoria, stcroos(5opic fusion, colour blindness and colour 
anomalies. Estimates were made of the iris colouring and the general 
colouring or pigmentation. Finally, the observer answered a questionnaire 
calculated to betray difficulties of night vision, abnormalities of diet, and 
exceptional medical or ophthalmological histories. 

The preliminary series of examinations occupied half an hour. During 
this period care was taken that the conditions of illumination were as nearly 
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as possible the same for all observers. The observer then entered the light 
adaptation chamber. For 5 min. the subsequent procedure was explained 
to him, the brightness of the walls being 17 equiv. ft.c. during this period. 
After a trial run, lasting 5 min., which ensured that the observer fully 
understood his instructions, the actual run was taken. This consisted of 
a light adaptation 7)criod of 8 min. at 80 equiv. ft.c., a pupil photograph 
being taken at the end of the second minute. The observer was then 
plunged into darkness, whilst a predetermined illumination was projected 
on the test patch for 0-2 sec. every 2-5 soo. As soon as he recorded that he 
had seen a flash, the test-patch illumination was reduced to a second fixed 
value, and this procedure repeated until, after l5-2() min. in the dark, the 
observer had seen a final arbitrary illumination. Finally, whilst still in 
darkness, the pupil was photographed by infra red light. Previous study 
had shown that the observers gave smoother and more reliable curves 
when they were instructed to signal only w hen they were quite sure that 
they had seen a flash. The reliability of the observer was tested during the 
trial run by a simple system of right and wrong responses. This was the 
only method used of checking results. Observation and light adaptation 
were binocular throughout. 

The procedure adopted in the examination of the second group 
was identical with that already described, except that the preliminary 
dosage with vitamin A and the ophthalmoscopic examination wore 
omitted. 

For convenience of w'orking arbitrary scales have been used in the 
general analysis of the data which follows. Pupil diameters have boon 
expresso<l in ^lo mm., w bile the scale of general colouring was an arbitrary 
one of from 1 to 10, maximum darkness or pigmentation being 10. An 
arbitrary scale of visual acuity was used based on the performance with 
the Snellen types. Thus 6/3 (all letters road) scored 20, 6/3 (75% letters 
read) scored 19, 6/3 (25 %) scored 18, 6/4 (all) scored 17, and so on to 6/12 
(75 %) which scored 1. The following scale was used in scoring the density 
of the retinal pigment. A slate retina (such as is found in dark races) 
scored 5, a slatish retina 4, pale red 3, red 2, and bright red 1. The opacity 
of the retina was recorded by giving 4 [joints to a retina through which no 
choroidal vessels could be seen in the periphery, 3 points for choroidal 
vessels just seen, 2 for choroidal vessels easily seen, and 1 for choroidal 
vessels very easily seen. 

For brevity, the term “perception time” has been used in the text to 
represent the time elapsing from the onset of darkness to the moment of 
perception of any one test-patch brightness. 
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Results 

The tests were completed by the forty -six observers who comprised the 
first group. Of these the results of six were excluded, three because they 
were unable to fulfil the criterion of reliability (i.e. they were apt to 
respond when no flash was present), and three because their curves (fig. 1) 
were grossly abnormal. The remaining forty observers were male, of western 
European extraction, of average age 20 yr. 8 mo., aged from 10 to 22 years 
with the exception of four, who were aged 28, 28, 27 and 26 years. 

The curves of all forty observers are shown in figs. 2 and 2 A. The curve 
of observer 18 is representative of twenty-three of the forty curves. It 
shows the smooth rapid fall in the threshold during the first 2 or 3 min., 
attributed to changes in cone sensitivity, and the subsequent gradual fall 
in the threshold to the end of the run, attributed to the rods (Kohlrausch 
1922). When plotted on a linear time scale the relative slopes of the two 
portions of the curves are more clearly shown, and the transition becomes 
more abrufit. In thirteen of the forty curves, an irregularity of the curve 
occurring between 50 and 250 sec. is shown to a greater or less degree. 
This irregularity is well seen in observer 36. It may be a true efTect 
indicating that dark adaptation is not a t^^ofold process, or it may bo due 
to a contraction followed by a dilatation of the pupil such as has been 
noticed by (Crawford (1936). A similar disturbance is often noticed when 
a dark adaptation run is taken too soon after the introduction of a mydriatic 
into the eye. The curve of observer 7 is typical of the remaining four curves, 
in that it demonstrates marked oscillations which might be due to an 
extension of the disturbance shown by observer 36, but is more probably 
due to poorness of observation. Such oscillations have been noticed by 
other workers, notably by Aubert (1864) and Achmatov (1926). 

The greatest observed threshold difference, after 15 min. in the dark, 
was 10 : 1. This value may be compared with the ratios given in the 
introduction, although differences exist in the conditions of the experi- 
ment, and the area and position of the retina excited. 

7he influence of pupil diameteT in the light. Let A (LI) and X{Dl) 
represent the pupil diameter in the light and in the dark respectively 
for observer 1, and y(A 1) to y{Q 1) the times at which the same observer 
saw the test-patch brightnesses A to Q. For forty observers we have 

X(L1), X{Dl), y{Al), y(Bl) y(«l), 

X(L2}, X(D2), y(A2), y(B2), y(Q2), 

mm% 999 •«» 

••• ••• ••• 999 

X(L40), X(D40), y{Ai0). y{B40), .... y{Q40). 
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Fia. 1. Tho throo grouHly abnormal cnrvoa of dark adaptation. Observer A. Aged 20. 
Measles, 1922. Diphtheria, 1923. Diet normal. Non-smoker. Kminetropio. Vision 
6/6 (75%), each eye. Wears +1-0 D. Sph. each eye for reading. Fundi normal. 
Obsor\'^or U. Ageil 21. Measles. Diphtheria (doubtful). Severe general infection, 
China. Tra(!horna, China, 1921. Hoils. C/o dazzling in sunliglit. Diet normal. 
Non-smoker. Very slight myopia (-0*76 D. Cyl. vertical, each eye). R.E. reads 6/6 
(26%). L.R. rt'ads 6/0 (all)- Conjunctivae injected, pupils sinall, fimdi normal. 
Observer C. Aged 21. Usual childish diseases. Diphtheria, 1921. Diet normal. 
Smoker, 100 cigar(>ttes a week. Emmetropic. Vision 6/3 (26 %), each eye. Colouring 
fair. Fundi normal. 
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duration of dark adaptation m see. (log scale) 

Fig. 2 a. Dark adaptation curves of remaining twenty observers. First group. 
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The table on p. 409 clearly jiermits the correlation of any one column with 
any other. Thus we may correlate X(L1) ... ^[(1/40) with 1) ... 40) 

which will give us the correlation of pupil diameter in the light with 
perception time for test-patch brightness A . This operation may bo repeated 
for each of the seventeen test -patch brightnesses, giving seventeen corre- 
lation coefficients which will show the degree of the intiuenco of pujiil 
diameter in the light during the first 20 min. of dark adaptation. All 
seventeen coefficients so obtained arc positive (Table 1). 

Table I. Correlation coefficients showing the influence of pufil 

DIAMETER IN THE LIGHT ON PERCEPTION TIME FOR SEVENTEEN TEST- 
PATCH BRIGHTNESSES. TeST-PATCH BRIGHTNESSES GIVEN IN LOGjo 
EQUIV. FT.C. 4-10 UNITS 


Test-patch 

brightness 

7-75 

7-45 

7*23 

6-93 

«*75 

0-59 

6-45 

8-35 

6*23 

Corrt'lation 

coefficient 

0-30 

0*45 

0*53 

0-45 

0-48 

0*40 

OSO 

0*53 

0*52 

Test-patch 

brightness 

6-06 

54)5 

5-72 

5-42 

523 

5*09 

4 05 

4 85 


Correlation 

coeilicient 

0-02 

0-41 

0-35 

0-30 

0 32 

0-35 

0-38 

0-33 



Using the customary technique for the significance of correlation co- 
efficients of small samples (Fisher 1936, p. 105), the borderline value for 
this number of terms for the 6 % level of significance (the usual criterion 
of reasonable certainty) is 0*31, whilst for the highly significant 1 level 
it is 0-40. ^ Of the seventeen coefficients, fifteen are significant, whilst of 
these ten exceed the highly significant 1 % level. The remainimr two values 
are sufficiently high to allow us to assume their probable significance. 

We must therefore conclude that the ])U{)il diameter during light adapta- 
tion has a significant influence on the subsequent course of dark adaptation, 
even at the end of the period examined. The positive nature of Ihe 
coefficients shows that wdth a small pupil dark adaptation is rapid, a result 

* To those unaccustomed to the oxprtMSHion of thn si^riifiranco of tho correlation 
ooofficients in this way, it should be explained that tho 5 and I % levels aro expressions 
of P, the probability that the absolute magnitude of an observed value, regardless 
of sign, will exceed a specified absolut<» inagnitiido. The cust-ornary eritt'rion of 
reasonable certainty is that this probability sliall not exceed 0 05, usually termed the 
5% level, which implies that tho odds against the fortuitous appearance of a 
coefficient of such magnitude in the data aro 20 : 1 against, with corresponding 
odds of 100 : 1 agamst for tho 1 % level. It clearly follows that the appearance of 
a largo projiortioii of significant coefficients from tho data considerably enhances tho 
aigmficanoe of the result. 
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in accordance with those of other workers on the retardation of dark 
adaptation with increased light adaptation (Charpentier 1886; Hecht and 
Haig 1936, etc,). 

This result may be summarized by determining the significance of the 
regression of time on pupil diameter in the light for the whole of the data, 
i,e, for all seventeen test-patch brightnesses. For if we regard pupil 
diameter in the light as the independent, and perception time as the 
dependent variate, then it is possible to determine the regression of time 
on pupil diameter in the liglit for any one brightness, and, by an analysis 
of variance, to determine its significance. 

Determining the significance of the regression for test-patch brightness 
7-75, we have: 


Source of 

Degrees of 

Siun of 

Mean 

variation 

froodom 

aqiinr«s 

square J log^ 

Kogrossion 

1 

36 «7 

36-67 1-787 

Komaindor 

38 

252-43 

6-64 0 946 

Total 

39 

288-1 

z = 0-84 


For the 5 % level of significance z = ()*7() and for the 1 % level z - l-OO. 
Since our value of z lies above the 5 % level, our regression is of undoubted 
significance. 

This analysis might bo repeated for the remaining sixteen test-patch 
brightnesses. It is simpler to combine the data for all the test-patch 
brightnesses and hence to obtain one regression whose significance will 
summarize the influence of jiupil diameter in the light over the whole 
period of dark adaptation examined. The analysis of variance so obtained is : 


Source of 

Di'grees of 

Sum of 

Mean 


variation 

freedom 

squares 

square 

ilog^ 

Regression 

1 

65797 

56707 

5-4647 

Remainder 

646 

4616344 

7146 . 

4-4371 

Total 

647 

4672141 

z = 

1-0276 


For the 5% level z = 0-08 and for the 1 % level z = 0'95. The value of z 
lies above the 1 % level, and the regression over the whole data must 
therefore be considered to be very highly significant. This result sum- 
marizes and confirms the results obtained by the examination of the 
correlation coefficients and points to the undoubted influence of pupil 
diameter in the light upon subsequent dark adaptation. 

The influence of pupil diameter in the dark. The same procedure was 
adoptal as that already described for pupil diameter in the light except 
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that correlations were made for only six te8t-}iatch brightnesses distributed 
over the 20 min. of dark adaptation tested. The resulting correlation 
coefficients (Table II) are not significant, and a study of the regression 
over the whole of the data also yields a negative result. 


Tablk if. ('Jorrklation or pttptl otamktkr 

IN THJ5 DARK WPni PKHC’KPTrON TTMK 


Test-patch brightness 

7-75 

7*23 

6*45 

5*95 

5-23 

4-86 

Uncorrectt'fl coeflioient 

019 

0*07 

0*00 

0*00 

-0 07 

-0-09 

Partial correlation 

008 

-0-18 

-018 

-0*19 

- 0-23 

-0-26 

Corrected for pupil 

-Oil 

-0-17 

-0*24 

-0*33 

- 0-35 

-0-51 


diamotor in light 

We should certainly expect a large pupil diameter to iinjirove visioTi in 
the dark. The clue to this unexpected result is obtained when wo correlate 
pupil diameter in the light with pupil dmincter in the dark for the forty 
observers. The resulting coclliciont has the highly significant value 0-39, 
wliich implies that an observer with a small pupil diameter in the light 
will, in general, have a comparatively small pupil diameter in the dark. 
Lot us consider an observer whose pupil diameter in the light is com- 
parafively small. Wo should expect his curve of dark adaptation to be 
early, but since his pupil diunu^tor in the dark is probably smaller than 
normal this would tend to make his curve late. I'ho influence of pupil 
diameter in the light will tend, therefore, to mask the effect of pupil 
diameter in the dark. 

The effect of pupil diameter in the light may be removed by partial 
correlation using the equation 

^ 1 ^^ 13.^'23 

where rjg.a is the correlation of pupil diameter in the dark with fwreeption 
time but with pupil diameter in the light eliminated, is the correlation 
coefficient of pupil diameter in the dark with time, is the correlation 
coefficient of pupil cliameter in the light with pupil diameter in the dark, 
and Tga the same for ])upil diameter in the light with time. Individually, 
the coefficients are not significant (Table FT), but the odds against five 
negative coefficients of smih magnitude occurring together by chance are 
very great. 

This result is substantiated by an empirical method of approach. This 
consisted in subjecting an observer to throe different degrees of light 
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adaptation, measuring his pupil diameter under these conditions. From 
the position of the three subsequent dark-ada|)tation curves, an estimate 
can be made of the di8[>laceinent caused by a change of one unit of retinal 
illumination (i.e. one photon) in the previous light adaptation. Using this 
estimate, all the perception times of the various observers were corrected 
so as to produce times which would have been recorded had every observer 
possessed the same arbitrary pupil diameter in the light. The corrected 
times were then correlated with pupil diameter in the dark, so obtaining 
the true influence of pu|)il diameter in the dark on the data. 

To this end a trained observer completed eighteen dark -adaptation 
curves in six sittings under three {conditions of light adaptation, the three 
conditions being combined in every possible arrangement in the six runs. 
This gave throe moan dark-ada])tation runs for the three light adaptation 
intensities (the groat advantage of the present method of recording dark 
adaptation is that it allows the times for the perception of any one test- 
patch brightness to bo average<l). For the three mean pu])il diameters of 
4*51, 3-62 and 3*4d mm., the three corresponding retinal illuminations were 
968, 21 10 and 2330 photons. 

Tablk ITT. Observed and calcitlated values of perception times 

(SK(J.) for PKKCEDINO RETINAL ILLUMINATION OF 2330 PHOTONS FOR 8 MIN. 
Tost'patch 


brightnesses 

7*8 7*4 

7*0 

6*0 

0*2 

6-8 

6*4 

Tunes at which 

brightnesses won) seen ; 





Obs. 

9-3 IH 

42 

81 

144 

245 

371 

Calc. 

9-6 18 

35 

74 

148 

240 

436 


The three dark-adaptation curves so obtained] were appnixirnately 
parallel. For the curves taken with the two lower light adaptations the 
diflFerences in log time at brightnesses 7*8, 7-4, 7-0, O-O, 6*2 and 5*8 were 
0*22, 0*24, 0-25, 0*20 and 0*21 log units respectively. Thus a difference 
of \ii\ioti>i\H produced a mean displacement of the dark-ailaptation 
curve of 0*23 units in log time. In other words, an increase of 1 photon 
makes the perception times throughout the curve 0*05% longer. Using 
this rule, the expected displacement for a difference of 1378 photons 
(the diffei’ence between the extreme retinal illuminations) has been calcu- 
lated, and compared with the actual values taken from the tliird, or latest 
curve. The agreement is good for all brightness values except the last 
(Table FIT), where tlio eurves are no longer parallel. This result has 
been ubtaiiiod from only one observer, and it may not be true for all 
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observers. Its application is also limited to light adaptation for a period 
of 8 min. 

Let us suppose that an observer’s pupil diameter in the light is A mm., 
and that we wish to displace the curve to correspond to an arbitrary [)iipil 
diameter in the light of B mm. From the detinition of a photon, it follows 
that the retinal illumination due to a brightness of P equiv. ft.c. ajid a pupil 
diameter of A mm. is 2-G9 PA^ photons. Then since one photon produces 
an approximate displacement of the dark-adaptation curve of ()• 00020 log 
unit, the required di8])lacement will be 0-00020 x 2-09 P{B^ — A^) log units. 
This logarithm, when added to the logarithm of the actual perception 
time, gives the logarithm of the corrected time, i.e. the hypothetical time 
which the observer would have recorded had his pupil diameter been B mm. 
For example, after a light adaptation of 130 equiv. ft.c., a change in a pupil 
diameter in the light from 2*5 to 3-0 mm. would re(iuirc an addition of 0-19 
to the logarithm of each perception time, or, more simply, each perception 
time would require to be increased by 54 %. 

These corrections were applied to the perception times of all the 
observers, the arbitrary value of B being 3*23 mm., the mean of the pupil 
diameters in the light of the forty observers. The coriocted times were 
correlated with pupil diameter in the dark (Table II last line). 

Applying the criteria of 0*31 and ()*40 for the 5 and 1 % levels of sig- 
nificance respectively, we find the last three coefficients significant, with 
the last coefficient exceeding the 1 % level. This confirms the results found 
by partial correlation. We must therefore conclude that there is undoubted 
evidence that pupil diameter in the dark is a factor influencing the course 
of dark adaptation, but that its influence is in general masked by the 
indirect influence of pupil diameter in the light. 

It has been found that a simpler correction (which might, for instance, 
be used at a clinical examination) would be to multiply each perception 
time by Though this mode of correction has no theoretical justifica- 

tion, it agrees remarkably with the more elaborate correction already 
proposed. 

Although the suggestion is somewhat hypothetical, it is possible that 
differences in the pupil diameters in the light and in the dark explain, at 
least in part, the types of observer found by Wynn Jones atul Matthey. 
For we can group observers into those with 

(а) pupils large in the light and small in the dark, 

(б) pupils large in the liglit and large in the dark, 

(c) pupils small in the light and large in the dark, 

(d) pupils small in the light and small in the dark. 
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These would dearly produce four classes of curve, in which dark adaptation 
would be 

(a) poor at the beginning and j>oor at the end, 

(A) poor at the beginning and good at the end, 

(c) good at the beginning and good at the end, 

(d) good at the beghming and poor at the end. 

Because a large pupil in the light is in general associated with a large pupil 
in the dark, and a small pupil in the light with a small pupil in the dark, 
wo should expect chissos (A) and (d) to predominate. These might easily 
be the two types noticed by Flugel and others. 

That examples of the latter two t3rpes predominate in the data is shown 
by plotting the mean curves of ten early, and ten late observers, and com- 
paring them with the mean curves of the same observers after the perception 
times have been corrected for differences of pupil diameter in the light 
(fig. 3 ). It will be noticed that the corrected curves cross one another. 
This is to be ex]3eeted since the ten early curves will bo those of observers 
having small pupil diameters in the dark (class d), and the second portions 
of the curves will therefore tend to l)e late. The reverse argument applies 
to the ten late curves ((jlass 6). When the second portions of the two 
corrected curves are further corrected on the assumption that the retinal 
illumination in the dark is x>roportional to pupil area, the latter parts of 
the curves are almost coincident. Wo can therefore conclude that for the 
later jjarts of the curves practically all individual variations can be explained 
in terms of iiupil diameter, provided the observers are all of approximately 
the same age. The assumption that retinal illumination is proportional 
to puj»il area is justified only when dealing with low illuminations (Stiles 
1937). At higher illuminations (i.c. for cone vision) this is not a valid 
correction (Stiles and Crawford 1933). No pui)il corrections could ade- 
(juately explain the residual individual differences of the first 2 min. of 
dark ada])tation. 

The values of the coefficients correlating pupil diameter in the dark 
with perception time increase progressively with time in the dark (Table II). 
The unexplained individual variations during the early pari of dark 
adaptation probably account for this progressive increase since they mask 
the effects of pupil diameter and make the early coefficients smaller than 
they would otherwise bo. 

Dr Katharine Tansley, to whom my thanks are due, has produced 
nineteen references from the literature on hemeralopia in which there is 
Hjiecific mention of ijupillary abnormality accompanying the condition. 
Fifteen papers mention that dilated pui)ils accompanied the condition in 
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FiO, 3. Mean dark-adaptatiDn onrves of trn early and t(*n observers, boforo and 
after correction for pupil diameter in tbo light. Th*‘ ii{)j)ropriate moan diameters 
of the pupil in the light and in the dark are shown on the eurves. 0-^0 Uncorrocied 
curves. ® -<5) Corrt^cted curves for observers with lurgc' pupils. # — • Corroctcil 
curves for those with small pupils. Insert: (kirrix-tod and uncorrocied curves after 
a further correction for pupil diameter in the dark (p. 417), 
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man, whilst two note it in swine. Of the remaining papers, one reports 
that dilated pupils were present in only a few cases, and the other reports 
a cose of pupillary contraction. Unfortunately the condition was often 
associated with scurvy and other pathological conditions which make 
direct inference from the data difficult. 

Table IV. Corbelation coefficients showing the influence of 

COLOURING AND VISUAL ACUITY UPON PERCEPTION TIME : FORTY OBSERVERS 


Tost-piitch brightUHsa 

7*75 

7*23 

645 

5-95 

523 

485 

Colouring, correlation 

0-l/> 

009 

0-03 

-009 

009 

-0-01 

Visual acuity, correlation 

-0 04 

00.5 

0 02 

-004 

-010 

-018 


The influence of colouring and visual acuity. The methods adopted for the 
analysis of the influence of pupil diameter were applied to determine the 
influence of colouring and visual acuity. This produced six correlations 
for both factors. These are given in Table IV. None of these values 
approaches significance, the largest, —0-18, being one which might easily 
appear by chance in a table of this size. These correlations were not 
improved when the influence of differences in pupil diameter in the light 
were removed from the data by partial correlation or by the empirical 
method. It should be noted that the visual acuity values used in the 
correlations were those obtained under the conditions of the dark adaptation 
run. Thus, if the observer wore glasses in the dark, the appropriate visual 
acuity value, obtained with those glasses, was used. 

The influence of retinal pigmentation. The measures of the colour of the 
fundus and the visibility of the choroidal vessels, obtained at the ophthalmo- 
scopic examination, were correlated with the perception times for six 
selected test-patch brightnesses. All the coefficients are negative (Table V), 
whilst one excee<ls the 5 % and one the 1 % level of significance. Thus, 
although not conclusive, there is some evidence that heavy pigmentation 
in the retina favours more rapid dark ada])tation. Wdlfflin (1905) arrived 
at a similar conclusion, being of the opinion that very fair persons adapted 
comparatively slowly. It is probable tliat the heavier pigmentation offers 
some protection to the photosensitive substances in the retina during the 
preliminary light adaptation . No appreciable correlation was found between 
the measures of pigment and the pupil diameter hi the light and in the 
dark. The correlation coefficient relating the general colouring of the 
individual, and the visibility of the choroidal vessels, was 0*04. Thus, for 
the group examined, the colouring of the individual was no indication 
of the degree of pigmentation of his retina. The group, however, included 
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no very fair nor very dark persons. With such extremes one would expect 
corresponding variations in the retinal pigmentation, and, as was suggestetl 
by Wolfflin, the poor adaptation of his fair observers was probably due to 
a deficiency of intraocular pigment. 

Table V. Correlation ok retinal kw.mentation with 

PERCEPTION TIME KOR SIX TEST-PATCH BRIGHTNESSES 

Tost-patch briKbtru'SH 


Measure of i)igTnent 

7-75 

7*23 

015 

6-95 

5-23 

4-85 

Colour of fundus 

-0 07 

-019 

-0*13 

-0 02 

-0 02 

- 0-04 

Visibility of choroidal 

-0*02 

-0-22 

-013 

-0*31 

-0-lH 

-0*17 


The correlation of the colour of the fundus (slate, bright red, etc.) with 
perception time yielded six negative cocftleients, none of wliich was sig- 
nificant (Table V). Tt is probable that this inconclusive result is due to the 
inaccuracies of the method used to estimate the colour. 

The influence of age on dark adaplalion. For this investigation twenty -six 
observers of both sexes were chosen, whose ages ranged from 17 to 70 yr, 
with an average age of 30 yr. 6 ino. The procedure was identical with that 
already described for the first group, except that the previous dosage with 
vitamin A and the t>j)hthalmoscopic examination were omitted. The social 
position and diet of these observers w^ere such as to make unlikely the 
presence of serious deficiency of vitamin A. 

The ages of the twenty -six observers were correlated with their perception 
times for four test-patch brightnesses. The residting correlation coefficients 
are shown in Table VI. Applying the criterion ot significance, all these 
coefficients exceed the highly significant 1 % level (0’4tl). We must there- 
fore conclude that there is undoubted evidence that ago has a coiLsidcrable 
efiect on dark adaptation. The positive nature of the coefficients points, 
as one would expect, to a slowing of the process of dark ada])tatioii with 
age. Most previous workers like Wolfflin (1905), although they were of the 
opinion that the process of dark adaptation was slowed wdth age, did not 
obtain such a definite result as has been found in those experiments. 

Table VI, (Jobrelation of age with pbkoeption time. 

Second oroop of twkntv-six observers 

Tost-patcli brightness 7*75 7*2.3 6’45 6'23 

Conviation coofticient 0-81 U-03 0 57 0-57 

A further correlation in this group is that of pu[)il diameter in the light 
with ago. Tlie coefficient, -0-58, exceeds the 1 % level. TJm negative value 
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points to the decrease of pupil diameter with age, a relation already well 
known. The correlation is interesting in that it shows that if the data of 
the second group were corrected for the effects of different pupil diameters 
in the light, the tendency would be still further to retard the curves of the 
older observers, with a probable increase in the already high correlation 
coefficients of age with perception time. 

The mean pupil diameter in the dark of the ten oldest observers was 
6*80 mm., a value significantly lower than the moan of the group (7*44 mm.). 
Some part of the retardation of dark adaptation with age is therefore 
due to a small pupil diameter in the dark. The remainder must be assumed 
to be due to changes in the retina with increasing age. 

In conclusion, T wish to thank Dr R. J. Lythgoe for the ophthalmoscopic, 
visual acuity and refractive error examinations. Without his help and 
ungrudging co-o|)cration this w’ork would not have been possible. In 
addition my thanks are due to W. L. Stevens, Esq., of the Galton Labora- 
tory, for suggestions respecting the statistical treatment of the data. 


Summary 

1 . The course of dark adax^tation was examined over a period of 20 min. 
for a white intermittent stimulus of 0-2 sec., centrally fixated, and sub- 
tending a visual angle of 12^"*. All observers were selected so as to exclude 
both gross optical and other abnormalities. 

2. In the first group of observers there were forty males of much the 
same age (av. 20 yr. 8 mo.), possible deficiency in vitamin A being elimi- 
nated by systematic dosage. Various ocular characters w'ere correlated 
each in turn with the times taken from the onset of darkness to see each 
of the selected brightnesses of the test patch (for brevity these times are 
referred to as “perception times*’). 

3. (Correlation of pupil diameter in the light with perception time yielded 
fifteen significant i)ositive correlation coefficients for seventeen test-patch 
brightnesses. This result was confirmed by showing the significance of the 
regression of time on pupil diameter in the light for the whole of the data. 
A comparatively large pupil in the light, therefore, i)roduce8 a retardation 
of dark adaptation. 

4. For one observer an increase of one photon in the retinal illumination 
during light adaptation produced an approximately uniform increase in 
the perception times of 0-06 % (e.g. an increase in pupil diameter from 
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2-5 to 3*0 mm, during light adaptation would produce an increase in the 
perception times of 64 %). 

6, The correlation of pupil diameter in the dark with perception time 
for six selected test-patch brightnesses was not significant. This was due 
to the existence of a significant correlation between pupil diameter in the 
light and that in the dark. Differences of pupil diameter in the light were 
eliminated by {a) partial correlation, and (6) correction of the data by the 
rule stated in the previous paragraph. The corrected data then yielded 
a series of negative correlation coefficients which increased with the 
duration of dark adaptation. Thus a comparatively large pupil diameter 
in the dark tends to decrease perception times, as one \vOuld expect. 

6. No significant coefficients resulted from the correlation of general 
colouring or, within the narrow limits examined, of visual acuity with 
perception time, either with the original, or with the corrected data. 

7. Correlation of retinal pigmentation, judged by the difficulty of seeing 
the choroidal vessels, with perception time, yielded six negative coefficients 
of which two were significant. There is thus some evidence that heavy 
pigmentation of the retina favours more rapid dark adaptation. 

8. In the second group, there were twenty-six observers of both sexes, 
aged 17-70 yr. Four highly significant positive coefficients resulted from 
the correlation of ago with perception time for four selected test-patch 
brightnesses. 

Since there is a significant decrease in pupil diameter in the light with 
age, this slowing of the course of dark adaptation with age cannot be due 
to pupil variations. Pupil diameter in the dark also decreases with age. 
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612.86:595.772 Drosophila 

Further studies on pre-iiiiaginal olfactory 
conditioning in insects 

By W. H. Thorpe, M.A., Pn.B. 

Ffovi the Deparimmt of Entomology. Zoological Laboratory, Cambridge 
(Communicated by A. D. Imms, F.R.S. — Ucccived 20 February 1939) 

In the course of an earlier paper (Thorpe and iJones 1937), it was shown 
that the ichneumonid parasite Nemerifis cauescejis (Grav.) can bo induced 
to develop a positive olfactory response to the odour of an abnormal host, 
the wax moth Meliphora grisella (F.), by rearing it artificially upon that 
host. It was shown that the change in the olfactory response brought 
about by this process was due, in large part, to conditioning taking place 
in the adult stage immediately after emergence from the pupa. This was 
confirmed by the fact that Nemeritis, reared on the normal host Ephestia, 
can be made positively responsive to the odour of Meliphora merely by 
placing them immediately on emergence in an apparatus through which 
is pumped a stream of air which has previously ]:)assed over a number of 
living Meliphora larvae. But the conditiozaing, obtained by treatment of 
the newly emerged adult in this manner, is not usually as strong as that 
produced by actually roaring the insects on the abnormal host. From this 
it was concluded that jzart at least of the conditioning effect produced by 
rearing on tlio wax moth larvtie must be the result of the influence of the 
host acting during the pre-iniaginal period. Attempts to got conclusive 
demonstrations of this in Nemeritis were, however, ineffective. It was 
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hoped that it would be possible, having reared the parasite to the pupal 
stage on the wax moth, to dissect it from its cocoon, which of course may 
be presumed to be contaminated with the odour of the host. For if 
pupae, having been thus dissected out and then washed and (jornpletely 
isolated from the odour of the wax moth, still show significant j)reference 
for it on emergence, the existenc e of pre-imaginal conditioning could be 
considered firmly established. Unfortunately, the high mortality caused 
w'hen puj)ao are treated in this way made tlio ex|>eriinent impracticable. 
Many parasites can be removed from their cocoons without suffering harm, 
but yemeritia appears much more susceptible to injury than most. 

The object of the present work was to perform a similar experiment on 
some insect which does not spin a cocoon ajid in wdiich the puparia can 
therefore be washed free of all contaminating odoriferous substances. 
Because of its convenience as a laboratory insect Drosophila melanoga^ter 
Mg. (Jaaciata Mg., aviptlophtla Loew.) was (diosen for this purpose (a strain 
being kindly supplied by T)r C. H. VVaddington). The two sexes were used 
indiscriminately since in some preliminary control experiments no sig- 
nificant differences in their behaviour were observed. In a second ])apor 
(Thorpe 1938), it was shown that in Nemerifis a positive conditioning can 
bo produced, not merely to the odour of a possible host, but to the odour 
of such biologically abnormal substances as cedar Avood oil. It was felt 
that Drosophila also offered a particularly suitable subject for further 
experiments of this nature in tliat its rearing on synthetic foodstuff has 
long been standardized. Odoriferous substances can easily be mixed with 
the food, thus exposing the larva to their influence over Ihe whole of its 
life. The Drosophila were reare<l on Bearl’s S. 101 medium, modified in 
certain particuliirs by Mr J. H, »Sang, for whoso help in tlus mnlter 1 am 
much indebted. The exact composition of ihe medium is as follows: 


Potassium sodium tartrate, NaKC^jH^Og 

84) g. 

Ammonium sul])hate, (NUil^SO^ 

2-0 

Magnesium sulphate. MgS04 

O-fi 

Calcium chloride, CaCIa 

0-25 

Tartaric acid, CHOH, VOOH^ 

5-0 

Monobasic ])otassium phosphate, KH2PO4 

005 

The medium is made up to 1000 e.c. with <listilled 

water and then 

autoclaved. Then SO c.c. of the mixture are taken and 

4 g. of agar and 

6 g. of household (beet) sugar are added. When these aro dissolved the 
Tuixture is made up to 100 c.c. A\ith water and 2 % of yeast is then added 


The mixture is allowed to stand for 4 hr. and is then boiled and put mto 
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bottles. In the preliminary experiments a number of odoriferous sub- 
stances were tested. The choice is of course limited by the fact that the 
substance must be, to some extent, water soluble and also non-toxic. This 
rules out many materials which miglit otherwise have proved convenient. 
Those which appeared most promising were artificial musk, vanilla, and 
essence of peppermint, but of these the last was found to be by far the most 
satisfactory, and the use of the others was abandoned. It was found that 
0-6% pepi)ermint essence added to the culture medium produced a strong 
odour without hindering* the normal development of the larvae. Concen- 
trations higher than 0 * 5 ^ 5 ^, tended to bo toxic. The technique of the oxi)eri- 
ments was identical with that described recently (Thorpe 1938), except 
that an upright olfactometer witli a slightly smaller bore w'a.s used. Control 
exjieriments, which are summarized in Table T, show that normal Drosophila^ 

Table T. Summary of oontbol expebimknts, DuotioriuLA beared 

FROM normal artificial MEDIUM AND TESTED IN OLFACTOMETER. 

6 7o PEPPERMINT AGAINST ‘‘BLANK ” 




No. in 

No. in 


No. of 

No. 

Date 

pepi^ennint 

“blank** 


oxfiH. in 

insects 

1938 

ann 

arm 

Total 

series 

used 

19 

Sept. 

5! =23-7% 

164 

215 

3 

80 

19 

Oct. 

72 = 24*6% 

221 

203 

3 

120 

20 

ff 

42 = 22% 

149 

191 

4 

60 

25 

tt 

76 = 33*2% 

153 

220 

3 

90 

25 


145 = 43*7% 

187 

332 

6 

70 

25 

»» 

54 = 45*8% 

64 

118 

2 

70 

27 


95 = 47*.3% 

106 

201 

3 

70 

27 

>» 

77 = 55-4% 

62 

139 

4 

70 

28 


18 = 22*5% 

62 

80 

2 

40 

28 

»> 

42 = 25*9% 

120 

162 

4 

05 

28 

tt 

43 = 38*0% 

70 

113 

3 

60 

9 Nov. 

70 = 32*4% 

146 

216 

4 

60 

16 

tt 

64 = 33*6% 

107 

I6I 

3 

60 

Id 

ft 

36 = 33*0% 

73 

109 

2 

60 

2] 

tt 

6.3 = 60% 

63 

126 

2 

75 

21 

ft 

61 = 46*0% 

76 

136 

2 

85 

21 

tt 

26 = 25*0% 

75 

101 

2 

60 

22 

tt 

65 = 46*6% 

78 

143 

3 

60 

22 

tt 

52 = 28-4% 

131 

183 

3 

80 

24 

tt 

79 = 30*8% 

178 

257 

5 

60 

6 Deo. 

87 = 30*2% 

153 

240 

3 

100 


Total 

1308 = 34-9% 

2437 

3746 

66 

1476 


s.K.= ±0-822% 


* The essence of peppermint usod consisted of 10 % by volume of ''English White” 
od of peppermint in 90 % alcohol. Tlie oil itself contained 46 % free menthol and 

0 % os ester. 
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reared on S. 101 without peppermint, are definitely repelled by this odour 
when they encounter it in the olfactometer. For this purpose, two drops 
of a 6 % dilution of the essence in absolute alcohol was allowed to evaporate 
on 2 sq, cm. of no. 1 Whatman filter paper, which was then placed in one 
of the bait tubes of the instrument, the other arm being left blank. From 
Table 11 it will be seen, in a similar series of experiments in which are 

Table 11. DmsopuiLA reared from artikioial medium oontainino 

\% PEPPERMINT AND TESTED IN OLFACTOMETER 6% PEPPERMINT 


AGAINST 

“blank” 






No. in 

No. in 


No. of 

No. 

Date 

peppermint 

“blank” 


expts. in 

insects 

1038 

arm 

arm 

Total 

series 

used 


A. Fresh from culture 



18 Oct. 

116 = 71*6% 

46 

161 

3 

60 

24 

134 = 63*8% 

76 

210 

3 

90 

24 „ 

77 = 66 0% 

42 

119 

3 

40 

26 

174 = 66-6% 

88 

262 

4 

100 

26 „ 

74 = 63*8% 

42 

116 

3 

40 

28 „ 

118 = 69*4% 

52 

170 

3 

70 

2 Nov. 

97 = 67-9% 

46 

143 

5 

60 

2 .. 

73 = 63-6% 

42 

11.6 

3 

60 

4 

120=67-9% 

87 

207 

4 

60 

16 „ 

117 = 78-6% 

32 

140 

3 

70 

8 Deo. 

47 = 81-0% 

11 

68 

4 

17 

Total 

1146 = 67-0% 

564 

1710 

38 

667 


B.K.= ±1'213% 





B. 

1-2 days isolate<l 




19 Oct. 

72 = 68-0% 

34 

106 

3 

60 

20 „ 

67=62-0% 

35 

92 

3 

40 

1 Nov. 

67 = 39*2% 

104 

171 

5 

60 

1 » 

66 = 48-1% 

70 

135 

3 

60 

Total 

261 = 61-7% 
s.®. = ± 2-23 % 

243 

604 

14 

200 


C. 

3-4 days isolated 




31 Oct. 

96 = 44-8% 

118 

214 

6 

70 

31 „ 

91 = 39-3% 

141 

232 

5 

70 

3 Nov. 

121 = 47-1% 

136 

267 

4 

80 

Total 

308 = 42-9% 
8.K.= ± 1-89% 

395 

703 

14 

220 


D. 

6 days isolated 




3 Nov. 

118 = 36-7% 

213 

331 

6 

100 


8.E.=: ±2-75% 
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used insects reared on a medium containing j)ej)permint, that the result is 
entirely different. If the insects are fresh from culture, instead of being 
repelled by the odour they are now attracted to it to the extent of 66*45 %, 
This positive conditioning does not persist, however, if the insects are 
isolated, and at the end of 6 days the figure is brought down very nearly 
to that shown by the controls. 

Table ITT, Drosophila hkared from artificial medium containing 

^ % FEPrERMlNT. PuPAE WASHED IN DISTILLED WATER AND ISOLATED 
UNTIL KMKEGENI’K. TESTED IN OLFACn’OMKTER. 5% PEPPERMINT 


AGAINST 

“blank” 






No. in 

No. in 


No. of 

No. 

Date 

pojjponnint 

“blank” 


exps. in 

insects 

193S 

iirni 

nrin 

Total 

serios 

used 

21 Get. 

40 = 400% 

69 

99 

3 

30 

22 „ 

76 = 44-2 % 

96 

172 

4 

40 

7 Nov. 

113 = 601% 

75 

188 

4 

00 

8 

01 = 490% 

95 

186 

4 

60 

10 „ 

91=49-.i% 

94 

185 

6 

60 

12 .. 

72 = 66-3% 

66 

128 

3 

60 

14 

66 = 49 3% 

OS 

134 

4 

60 

16 

91=71-6% 

36 

127 

3 

60 

17 „ 

99 = 56-6% 

79 

178 

6 

50 

18 

72 = 64-6% 

66 

137 

4 

45 

19 „ 

100 = 63-6% 

87 

187 

6 

60 

I’otal 

911 = 63-0% 
8.E.= ±1-213% 

809 

1720 

44 

666 


Table TV. Drosophila reared from artificial medium containing 
PEPPERMINT. Fully fed larvae washed in distilled water 

AND ISOLATED UNTIL EMERGENCE OF THE ADULT. TeSTKD IN OLFACTO- 
METER. 6% PEPPERMINT AGAINST “ BLANK” 



No. in 

No. in 


No. of 

No. 

Dato 

j>(»]ipL»rinint 

“blank” 


expa. m 

insects 

1938 

arm 

arm 

Total 

series 

used 

1 D<'C. 

37 = 22-3% 

129 

166 

4 

60 

2 „ 

141=60-8% 

91 

232 

4 

70 

3 M 

119 = 73 0% 

44 

103 

3 

66 

3 „ 

136=62-4% 

82 

218 

4 

05 

6 „ 

115=67-2% 

86 

201 

4 

60 

Total 

648 = 55-9% 

S.E.= + 1-6% 

432 

980 

19 

310 


If, now, insects arc removed from tlie j>epi)ermint cultures immediately 
after pupation and are washed three times in distilled water and isolated, 
we arrive at the results obtained in Table III. It will be seen that, although 
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the difference between the percentage attracted to the peppermint and 
that going to the “blank” arm is barely significant, it is still XK)sitive 
and greatly different from the controls. Similarly, Table IV shows that 
washing fully-fed larvae, and isolating thorn before pupation, still does not 
eliminate the conditioning effect. This is imirortant; fur while it is difficult 



1 HA BB He QD HI St -z 


Fio. 1. Diajtrarn to sunimarizo roaulta of Tables I-V. HfMKbt of columns indicates 
percentage of Drosophila attractficl to odour of peppi-nnint in olfact onif'tcr. I. Controls 
reared from normal medium ami tested fresh from culluro. TT. Insi'cts rt^ared from 
medium containing 0*6 poppormint. A. Tested fresh froTu culture. B. Tested 
after 1-2 days isolation. C. Tested after ^4 days isolation. D. Tested after 6 days 
isolation. IIT. Insects reared from meihiim containing *>•.*> % iiepperinint. Puparia 
washed in distilled water and isolated. Testt'd upon emergence. IV, Same as III 
except that insects washesd as fully fod larvae. V. Insects reared on normal medium 
but adults exposed to vapour of pei>|>ennint for 2~5 days immediately upon 
emergence. 

to wash the puparia completely clean, larvae taken direct from the medium 
can easily be freed from all traces of it. From these results, which, as 
the figures show, are highly significant, we can conclude that }ire-imaginal 
conditioning is actually in operation. The rate of extinction of the con- 
ditioning effect is summarized in fig. 1. It will bo seen that it is closely 
similar to that obtained with Nerneritis. 
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It was shown (Thorpe 1938) that Nrnneritis can be induced to give 
positive responses to a new odour, even if it only meets it as a constituent 
of a generally favourable environment. That is to say, in order to produce 
that effect it is not necessary for the new odour to be specifically associated 
with any particular act such as feeding or ovi position. Moreover, it was 
pointed out that such a mechanism, which is not a simple reflex association 
but rather the acceptance of a now factor as part of a favourable environ- 
ment as a whole, provides a satisfactory basis for explaining the remarkable 
behaviour of ants in mixc<l colonies. It is of interest to see that the same 
phenomena can be shown in Drosophila and that if the adult insects are 
exposed on emergence to a stream of air containing peppermint vapour 
they will lose their repugnance for it and develop a positive conditioned 
response. Table V gives clear evidence of this. 

Table V. Diiosopuila reared on normal arttkicial medium and 


EXPOSED TO vapour OF PEPPERMINT IN CONDITIONER” FOR 2-5 DAYS 
IMMEDIATELY ON EMKROENC^E. TkSTED IN OLFACTOMETER. 5 % PEPPBR- 


MINT AOATNST “blank” 

No. in 

Date popperniint 

No. in 
“blank'* 


No, of 
oxps. in 

No. 

insects 

mn 

ann 

arm 

Total 

series 

used 

11 Nov. 

183 = 69 0% 

128 

311 

4 

100 

U „ 

82 = 69-0% 

67 

139 

6 

40 


7.3 = 59-4% 

60 

123 

4 

40 

Total 

338 = 69-0% 

S.E. = ± 2-09 % 

235 

673 

13 

180 


Discussion 

The same objection that applies to Nemeritift as a subject for research 
of the type here described might perhaps be thought to apply also to 
Drosophila ; for the pupa of the latter is enclosed within its pupariurn just 
as that of the former is within its cocoon. Undoubtedly it would have 
been preferable to have used an insect with a naked pujia had one suitable 
in other respects been available. But deficiency in the essential qualities 
of rapid breeding and case of culture rule out many otherwise promising 
species. 

Since urates and uric acid have sometimes been found in the eedysial 
fluid of insects it has been thought that the so-called moulting glands, the 
openings of which are distributed over the body surface, might be excretory 
in function. It has, however, been shown by Sbimhsu (1931) and confirmed 
by Esperon (1937) that in the silkworm this is not the case. In this insect 



Olfactory conditioning in insects 431 

the contents of the Malpighian tubes pass via the rectum into the space 
between the old and new cuticle, at the time of moulting, and become 
spread out in a layer in the ecdysial fluid. If the same process were taking 
place in Drosophila^ the experiments described in this paper might bo 
unreliable as evidence of larval conditioning; for the peppermint from the 
faeces might come into contact with the whole cuticle of the pupa and thus 
bring about a conditioning shortly before the emergence of the adult from 
the puparium. That escape of faecal matter into the ecdysial fluid is not 
the explanation of the deposit of calcium carbonate on the puparium of 
diptcra has been shown by the work of Keilin (1921) on Acidia, Eastham 
(1925) has also shown that the contents of the Malphighian tubes of 
Calliplwra erythrocephnla and Drosophila funebris never reach the puparium 
at all but are passed to the exterior in tlie lisual manner. 1 liave confirmed 
these comdusions in D. rnelanogaster by the following simple experiment. 

Drosophila larvae are fed on the usual medium to which sufficient 
carmine has been added to give a bright red colour. The puj)aria are washed 
free of all medium and then dissected. No deposit of carmine granules is 
found spread over the inner surface of the ])uparium although, of course, 
the faeces are brightly coloured. The rectum is emptied i>rior to pupation 
and, since the insect has now left the medium, this faecal material tends 
to spread out over the outside of the terminal segment of the puparium 
and colour it red. A very small quantity may remain inside the cast 
rectal lining in between the jjupa and puparium. A few granules of this 
carmine may sometimes escape but do nut spread farther than the im- 
mediate neighbourhood of the puparial anal scar, certainly never beyond 
the terminal segment. Similarly, a very little carmine may occasionally 
be left in the cast lining of the oesophagus, but this does not appear to 
spread at all. 

In the previous experiments with NetneriHs no definite evidence of 
transference of the changed res|>onses from one generation to the next was 
obtained, and indeed the shortness of duration of the effect in the adult 
life w'ould in any case render this unlikely. The question of the influence 
of such treatment on the second and aubsccpient generations of Drosophila 
has not actually been tested. Hut it seems worth considering whether 
the mechanism of pre-imaginal conditioning, such oh has here been demon- 
strated, might not explain some of the results of Sladden and Hewer on 
the transference of the induced food habit of the stick insect Caratisius 
morosus. If we assume that the new food plant, i.e. ivy, contains a chemical 
substance of particularly pei>iistcnt ami jicnetratirig qualities, it might be 
possible to imagine enough of this substance being contained in the egg to 
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produce positive conditioning in the newly emerged nymph. This might 
be particularly the case in those insects in which the first food consists 
of the empty egg shell. 

The diametrically opposed conclusion reached by Mclndoo (1935), in 
his work with the (Colorado beetle Lepiinotarsa decemlinmia, appears to 
be unique and does not at present seem capable of explanation. Mclndoo 
gives some evidence for the existence of a conditioned repugnance for egg 
laying on species of plants on which individuals had been reared. But 
more investigation seems to be required. 


Summary 

1. Previous work on positive pre-imaginal olfactory conditioning of the 
ichneumonid parasite Nemeritis canescens, by exposure to the odour of 
unusual chemical substances, has been repeated, using Drosophila melano- 
gasier. After tests with a number of substances, 0*6% of peppermint 
essence (containing 4-6% free menthol) was found to be satisfactory when 
mixed with the synthetic food medium. 

2. All the main conclusions established by the work on Nemeritis have 
been confirmed even more strikingly with Drosophila. 

3. Although normally repelled by the odour of peppermint, flies which 
have been reared on a medium containing 0-5% peppermint essence are 
markedly attracted by the odour of this substance in an olfactometer. 

4. Conditioning brought about in this way gradually becomes extinct 
if the insects are isolated and has practically disappeared in about 6 days. 

5. Washing the fully-fed larvae, or newly-formed piiparia, free from 
the medium does not eliminate the conditioning effect although it reduces 
it to some extent. It is, therefore, concluded that a change in the responses 
of the adult can be brought about by an influence operating only during 
the larval life. 

6. It has been shown that with Drosophila, as with Nemeritis, exposure 
of the adult to the odour of the stibstancc immediately after emergence 
from the pupa will bring about a positive conditioning even though the 
odour is not specifically associated with any particular favourable quality 
of the environment. 

In conclusion I wish to express my gratitude to Dr A. D. Imms for his 
helpful interest in the investigation and for kindly seeing the paixjr through 
the press during my absence abroad. Thanks are once again due to the 
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laboratory assistant, Mr F. Bloy, without whose constant skilled help in 
care of stocks and working of apparatus the work would not have been 
completed. 
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The mechanical efficiency of frog’s muscle 

By A. V. Hilt., Skc.B.S. 

(From the Department of Physiology, Unimrsiiy College, London) 
(Receiiyed 24 May ] 039 ) 

The factors determining the tuaximum work and the mechanical 
efficiency of muscle were discussed by Hartree and Hill in 1928 , Work was 
measured with the Levin-Wymaii ergomcter (Levin and Wyman 1927), 
the muscle being allo^\cd to shorten at constant speed, adjustable as 
required, and recording a tension -length curve on a smoked surface. The 
whole of the work which the muscle can do in a single shortening at the 
given speed is thus obtained, as in no other method. The mechanical 
efficiency, therefore, sliouhl l>e the highest possible. 

The efficiencies given by Hartree and Hill, however, were considerably 
too low, probably owing to an error in the heat measurements: their 
thermopile was not “protected” against temperature differences along the 
muscle (cf. Hill 1937, 1938). The part of the muscle off the thermopile 
being warmer than the part on it would cause too large a temperature 
deflexion when it shortened on to the tfiermopilo, so making the observed 
heat too great. The highest efficiency they found for the initial process 
in frog’s muscle was about 26 %, or for the whole cycle, including recovery, 
about 13 %. This is low compared with measured efficiencies in man, where 
values as high as 22 % seem to be authentic. It was desirable, therefore, to 
repeat the measui’ements on frog’s muscle with a protected thermopile. 

Recent work (Hill 1938) on the energetics of muscular shortening has 
made it possible to give a theoretical treatment of the present problem, 
and from known data to calculate approximately the most efficient speed, 
the optimum load, and the absolute value of the efficiency. We will con- 
sider the initial process only, and assume that the muscle shortens at a 
constant speed v, through a distance x, that the relation between speed of 
shortening and force exerted is given by the characteristic equation 

(P+a) (»+&) = (i»„+a) 6, (1) 

and that the heat given out is independent of the work done and is made up 
of two terms, one, the lieat of maintenance, being proportional to the 
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duration t of the shortening and equal to kt, the other being the heat of 
shortening ax. We will examine these assumptions in detail later. 

The work done in shortening is 

W^Px. 

The heat given out is I! = ax kt. 

W Px 

The efficiency is E == , „ , — r.- 

If the speed of shortening is high the time is short and the term ki in the 
denominator is small. The force exerted, however, is also small at a high 
8i)eed, so the numerator is small too and the efficiency low. [f, on the other 
hand, the speed is low P is large, but I is large too, and again the efficiency 
is low. At some intermediate speed the efficiency is a maximum, and the 
calculated relation between efficiency and speed is shown in fig. I. 1'his is 
obviously similar in general to the relation found by Dickinson (1929) and 
by Lupton (1923) between efficiency and speed in human movement. 
There is also an optimum load for an isotemic contraction, and the calcu- 
lated relation between efficientsy and load is shown in fig. 2. 

The calculation is made as follows. Dividing the numerator and denomi- 
nator by ( and writing 0 for x/t we obtain 

Pi^ 


® = 


(P + a) t}-hk' 


Using the characteristic equation (1) we may eliminate v and obtain 


£?= 1 


(1 +alPo)alP„ 


{l + KIPo)KjP„ 


{l+alP„+K/P„)(PIP„+alPJ (1 +alP, + KjP„){\ +K'J\-PIP„y 

( 2 ) 


where K = kjb. This gives the efficiency in terms of load (as a fraction of 
the full isometric tension io). Or we may eliminate P and obtain 


l- 




a V 
~P,b 


, a K Ki/ 


( 3 ) 


This gives the efficiency in terms of speed (as a fraction of the charac- 
teristic velocity 6). The load for maximum efficiency is given by 


_ P/Po ±a/Po _ _ / (j_+ a/n)^o 

1 + X/P„ - P/P„ V ( I +' f^/h) KjPo ’ 


(■ 4 ) 


2<i-2 
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and the speed for maximum efficiency by 


( 5 ) 


V Pol aKin y 

The tnaxiiniitn efficiency itself is 

V - rv{(i+«/n)«/-Po)+V{(>+ w) 

L l+a/n + A'/i>„ 

We see that the efficiency depends on the relative load -P//o- relative 

speed vjb, and on the two constants a/i^ and K/P^. 

Now these two constants are a 2 )proxiniatel y known for frog's mnscle at 
0° 0. o/Pq is about 0*25 and K = k /h, h being about one third of the muscle 
length per second (Hill 1938 ). It is necessary, therefore, to know A/Pq* ^ 
number of experirnerits performed during 108H the heat liberated at O'" 
in isometric contractions of various durations of stimulus had the mean 
values given in Table I. The heat reckoned per second of stimulus is 
greater for shorter durations than for long ones. A contraction, how'cvor, 
outlasts the stimulus, and a muscle at 0 ' C may go on shortening and doing 
work for a time of the order of 0*3 sec. after the stimulus is over. In the 
third row, therefore, the heat is reckoned per second of contraction, 
obtained by adding 0*3 sei^. to the iliiration of the stimulus. The numbers 
so obtained are nearly constant, and we may take a mean value of 165. 
This is reckoned f)er gram of muscle. Let a muscle be I cm. long and A sq. 
cm. in cross-section. Taking the density of muscle os 1-05, the heat pro- 
duction per second of contraction is A; = 165 x 1*05 x i! x ^4 g. cm. Now h is 
//3 per sec. so that K == k/h = 520 A g. wt. The average value of in 
frog’s muscle at 0 ^ (I is about 1600 g. wt per sq. cm. of cross-section 
(«//{, = 0*25, a = 400; Hill 1938 ), so that in a muscle of cross-section 
A sq, cm, it is 1600 A g, wt. Hence K/Pq = 520/1600 = 0-325. 


Taulk r 


Stimulus; seconds 

0-6 

0-A 

1*0 

1*2 

1*4 

Heat: g.cm. per g. per sec. 
of stimulus 

247 

230 

215 

202 

190 

Heat: g.cm. per g, per sec. 

165 

167 

165 

162 

157 


of contraction 


This value is confirmed by Feng’s ( 1931 ) results. A recalculation of the 
quantities in his paper gives, for the slope of the relation between HfP^l 
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and t (the duration of stimulus), a temperature coefhciont of 3*0 per 10® C 
and an absolute value at 0® C of 0-107. Now KjP^ = kjhP^ = 3fc//Po (taking 
b s Z/3 per see.) and k is H per sec. during the steady slope. Thus 
/C/Zq = 3 X 0*107 = 0-321, which is close to the value just calculated. 

From these values, a/P^ - 0-25, K/P^ = 0*325, the efficiencies given in 
Table II have been calculated. It will be noted that the calculated 
efficiency is independent of the duration of the stimulus, and depends only 
on the speed of shortening, or alternatively on the load. The optimum 
load in an isotonic contraction is 0-475 of the full isometric tension. The 
optimum speed with the Levin-Wyman ergometer is 0-725 of the charac- 
teristic velocity 6, or in a muscle of 3 cm. length 7*25 mm./sec. The 
maximum efficiency is 40*5%. Within limits, which will be referred to 
below, these predictions are rather accurately verified by experiment. 
We see, moreover, that the efficiency remains high for some way on either 
side of the maximum, being above 39% from y/6 = 0*5 to 1*0, or from 
P/Po = 0-5S to 0-37. A speed, or a load, anywhere near the optimum 
should give very nearly the maximum efficiency. 


Table 11. Calculated EFFiriKNCY of frog’s sartortus musi^lk at 

0® C FOR VARIOUS SPEEDS OF SHORTENIKO. OR FOR VARIOUS LOADS 


v/b 

0 

005 

O-I 

0-2 

0-3 

0-4 

0-5 

pip« 

1-9 

0-94 

0-89 

0-79 

0-71 

0-64 

0*58 

n. % 

0 

122 

20-2 

29-6 

34-7 

37-7 

39-3 

vjb 

0-6 

0-7 

0-8 

0*9 

1 0 

L-2 

1-4 

l^ll\ 

0-53 

0-49 

0-44 

0-41 

0-37 

0-32 

0-27 

/o 

40-1 

40 4 

40-4 

40-0 

39-5 

37-9 

36-0 

vjb 

1-6 

1-8 

20 

2-.5 

3 0 

3-5 

4-0 

PlPo 

0-23 

0-20 

0-17 

0 1 1 

0-06 

0-03 

0-0 


33-7 

31-3 

28-S 

21-9 

14-8 

7 5 

0 

Maxiinuin 


= 40*5%. 

Optimum speod : 

r/5 = 0-725. 

Optimum load 


P/P^ = 0-475. 


The effect of temperature on the cahnilated efficiency depends on its 
effect on u/Pq and K/Pq. According to Hill (1938, p. 174), a/P^^ is unaffected 
by temperature. According to Feng (1931), k/P^ increases about 3 times 
for iO” C, According to Hill (1938, p. 174), h increases about 2*05 times for 
10® C. Thus /C/Pq — Ar/Aio should increase somewhat with temperature, 
which would have the effect of making the maximum efficiency rather 
lower at a higher temperature. We cannot, however, be suie of this since 
the effect of temperature on b is not yet very accurately known. 
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The calculated efficiency is plotted against speed of shortening in fig. 1, 
and against isotonic load in fig. 2. These can be compared with the 
experimental results given below. 

In ordcsr to get a value for the maximum eflicioncy of 44 %, corresponding to the 
22 % for the complete process (including recovery) in man, it would be necessary 
(assuming a/I\ = 0 25 as in frog’s muscle) to take a value of K/Pq of about 0-25. For 
KfPf^ = 0*26 the maximuin efficiency is 44*4%, the optimum load is P/Pq = 0-6 and 
the optimum speed v/b = 2/3. In man, therefore, we might oxfieiit to find the optimum 
load for a maximal effort to bo just half the maximum load that can be lifted and the 
optimum speed to bo one-sixth of the inaximiun speed (46) under zero load. 

The argument given above has l?een intentionally over-simplified in 
order to provide a manageable result. We have assumed : 

(1) that the whole muscjlo is governed by the characteristic equation 
relating force and speed, actually only the contractile part is so governed, 
the elastic part introduces a small but not negligible complication; 

(2) that the characteristic equation applies for any amount of shortening, 
and that the full isometric tension, is the same at all lengths: actually 
Pq usually becomes slightly greater at first as the length diminishes, and then 
less again, reaching zero at about 40% shortening; 

(3) that the isometric heat rate (k) is the same at different lengths: 
actually it is greater after a certain amount of shortening, but considerably 
less after still further shortening (Hill 1938, p. 172; and unpublished 
experiments by Brown and Katz). 

In the following experiments the effect of (I) has been largely avoided 
in the experiments with the l^evin-Wyman ergometer by a slightly delayed 
release, while in isotonic contractions it has been approximately allowed 
for. As regards (2), the variation of with length would bo exactly 
balanced if a and K varied in the same way, 1,0. if a/ZJ and K/Pq in equa- 
tions (2) to (0) were independent of length. The fact that, over rather a 
wide range, the efficiency proves to be independent of the duration of 
stimulus (and therefore of the amount of shortening) suggests that this is 
approximately true. The equations assume that the muscle can go on 
shortening indefinitely. Actually Pq becomes zero after about 40% 
shortening and K docs not. consequently the efficiency is lowered if the 
stimulus is uselessly continued after this amount of shortening has 
occurred. No interest, therefore, attaches to longer stimuli with higher 
speeds. As regards (3), the way in which k depends upon length is roughly 
parallel to the way in which does. This would tend to make K/Pq 
independent of length (K = k/b) as was suggested above. How h varies 
with length has not been investigated. 



eflSciency (%) efficiency (%) 
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1 . 1. Calculated relation between mechanical efficiency (initial proceaa) and speed 
of shortt^ning m frog’s miisclo at 0“ C. 0]itiniuTn speed sliown by arrow. 



Fio. 2. Calculated relation between mechanical efficiency (initial process) and load 
in isotonic contraction of frog’s muscle at 0® C. Optimum load shown by arrow. 
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Not enough is yet known about these various disturbing factors to make 
it useful to try to include them in the equations. The real question is why 
a theory which takes no account of them fits the experimental facts so 
closely. Home such balancing out of the different factors must provide 
the answer. This is not an uncommon experience. 


Method 

A. Experiments with the Lemn-Wymnn ergometer. The ergometer, 
described by Levin and Wyman (iqay) and used by Hartreo and Hill (1928) 
in their experiments on mechanical efficiency, is released by a magnet at 
any desired moment and then moves at a constant speed determined by the 
setting of a needle valve. It (tarries a tension lever on which the muscle 
pulls, and a tonsiondength curve is written on a smoked glass plate. The 
speed was measured by a stop-watcih graduated in 0*02 sec. over the 
measured distance between the release and a screw stop. 

A set of curves is given in fig. 3 for the 0*.5 sec. tetanus of a 33 mm. 
muscle shortening at O^C at the following speeds: 1*5, 2-6, 4-6, 7-2, 9*9, 
13*4, 15*5, 21*5 and 2(5*4 mrn./sec. In every case the muscle contracted 
isometrically for 0*1 sec., developed a tension of 35-40 g., and was then 
released. With the lowest speed of shortening the tension rose to nearly its 
full isometric value, but relaxation occurred before much work was done, 
and the shortening was only 2*3 nim. With higher and higher speeds the 
tension developed became less and less but the amount of shortening more 
and more: at 21*5 mm./sec. 13*7 mm. shortening occurred, or 42% of the 
length of the muscle. 

The work done is given approximately by tlie area of the tension length 
curve. Tf the coordinates were rectilinear and the lever gave strictly pro- 
portional deflections the relation would be exact . Actually the axes are 
arcs of circles, and the deflection is not strictly proportional to tension. 
A grid, therefore, was constructed as shoun in the figure, the lines of con- 
stant tension being made by hanging known weights on the lever and 
allowing the ergornoter to run down, the lines of constant shortening by 
letting the ergoineter down to the screw stop adjusted to various distances 
and pulling on the lever, 'fhe sides of each “square" in the grid represent 
5 g. tension and 1*417 mm. sliortening respectively, and the corresponding 
work is 0*709 g.cm. The total w'ork for any of the curves is obtained by 
adding up the squares or fractions of a square under it, and multiplying 
by 0-709. The grid was made on smoked gloss, projected by a lantern and 
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drawn on paper: the curves were made on similar smoked glass, projected 
on the grid and measured. 

It was necessary to give the muscle a small constant load in order to 
stretch it out initially to a constant length and bring it back when it 



Fiq. 3. Curves obtained with Lcvin-Wyman erg*>*neUT for musoln shorti'ning at 
various 8 P<h.h1s; projected on measuring K^id. See text. 

relaxed. In tlie exj)eriment shown in fig. 3 the load was 3*3 g. The work 
done on this load was obtained by multiplying it by tlie total distance it 
was lifted, as shown by the point where the curve cut tht^ horizontal axis. 
This work was added to that obtained from the area of the curve. 
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The thermopiles were of the protected " type : P 5 (constantan-manganin) 
was about 45 fi thick and equivalent to 34 of muscle, it gave 1628 /<V/1® C, 
had a resistance of 68 ohms, and allowed a “protected” shortening of 
29% of the muscle length (see Hill 1938, p. 141); P6 (palladium gold-iron) 
was about 40 fi thick and equivalent to 31 /t of muscle, it gave 1 176//V / 1° C, 
had a resistance of 15*5 ohms, and allowed a “protected” shortening of 
38%. The thermopile was connected to a moving coil galvanometer of 
1-28 sec. period and readings were maile on a scale every 3 sec. from the 
beginning of the stimulus, for 24 sec. Tlie logarithm of the deflexion was 
plotted against time and the line so obtained extrapolated back to the 
middle of the stimulus. Tn this way heat loss and inequalities of heat 
production were allowed for (Hill 1939). The readings were turned into 
g.cm. for comparison with the work. 

The stimulus was provided by maximal alternating condenser dis- 
charges (lO'lS each way per sec.) of about minimum energy {RG = about 
1 msec.). The heat producjcd by the stimulus was usually negligible but 
could be allowed for if necessary. 

The muscle contracted isometrically at first for about 0* 1 sec. and was then 
released. During this interval it shortened against the elasticity of the 
chain and lever and of its own tendons, and developed one-third to one-half 
of its full isometric tension. After release it shortened further against the 
ergometor moving at constant speetl. The delay in release should not be 
too short, for otlierwise the muscle may complete too much of its shortening 
before its tension is sufficiently developed : it should not be too lung, for 
otherwise too large a part of the time available for shortening is wasted. 
The best delay wjxs found by trial (cf. Hartree and Hill 1928, p. 241). 

In calcidating the total energy the work determined from the area of the 
tension length curve was added to the observed heat. The work done 
against the small constant load was not added, since this was converted 
into heat during relaxation. The efficiency w»us calculated by dividing the 
total work by the total energy. 

The speed has been expressed, cither in mm./sec. or in terms of v/6, 
where h is taken (at C) as one-third of the length of the muscle per sec., 
so that v/b = ‘Sr/L 

Tlic efficiency has no significance when the stimulus is continued after 
the muscle attains its minimum length; for heat is then produced to no 
useful end. The efficiency, therefore, has been recorded at higher speeds 
only for shorter stimuli. 

B. Isotonic coniractiotis, 'I’he arrangement used was that previously 
described (Hill 1938), the after” load being held up by a magnet released 



443 


The mechanical efficiency of frog^s mvecle 

just before relaxation set in. In this way the work done against the “ after” 
load was not turned into heat during relaxation: that done against the 
(small) initial load, however, did appear as heat. The work was measured 
in the usual way from the height of contraction and the total load. 

The magnet was released by a third key on the revolving contact 
breaker: the first and second keys determined the duration of stimulus, 
the third was opened at a suitable moment (found by trial) after the end of 
the stimulus, to allow maximum shortening to occur. An arm held back 
by the magnet sprang rapidly forward on release and held the lever carrying 
the “after” load against a support, so that tlic muscile relaxed under the 
initial load only. 

It might appear to be simpler to allow the muscle to n^Iax under the load, so adding 
the work autornaiically to the heat and obtaining the total energy from the galvano- 
rnotor deflexion. It usually haptH^riH, however, tliat ndaxation occurs at slightly 
different moments in ilifforent parts of the muscle, the work is transformed intrO lioat 
very irregularly (cf. Hill 1938 , p. 169), and anomalous ileflcxions ri^sult. This trouble 
IS avoided if the load is held up and the work w obtained separately. 

With the greater “after” loads an appreciable amount of work is done 
by the muscle in stretching its tendons and the chains and Icvors attached 
to it: this energy appears as heat in relaxation, but is not measured 
directly as work. It has been allowec) for approximately os follows. The 
muscle is stimulated isometrically and develops a force Pq g. wt. It is 
then suddenly released. It shortens at first very rapidly through a dis- 
tance Aq cm. and then more slowly. The first is due to passive release of 
tendons, etc., the second is due to active contraction. If we assume that 
the elastic stretch h is proj)ortional to the load F, then h = AoP/Zq and the 
mechanical energy stored is PA/2 — PViqI2Pq, This was adde<l to the work. 
The allowance is not very exact, but the quantity is not large and no 
serious error occurs. 

The heat was measured as described above, but the method of allowing 
for heat loss had not been realized at the time of these experiments which 
were earlier than those with the Ticvin-Wyman ergorneter. The heats, 
therefore, are rather too small and the ofliciencies slightly (1 or 2%) too 
high. Since the apparatus for the isotonic contractiinis had been dis- 
mantled, and the results with the ergorneter were much more exact, it was 
not considered worth while to repeat the earlier exj^eriments. 


RESCTTiTS 

In fig. 4 are four typical curves showing the relation experimentally 
observed between efficiency and speed. 'Fhey include extreme examples. 
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chosen to show the range of variation. The results are not plotted for 
speeds so high that the muscle shortened completely before the con- 
traction ended, and the curves cannot properly be continued to the right. 



Fig. 4. KxjM'riint'iital rolation bt'twijen inochanica,i eflicioncy (initial process) and 
of shorttMiiriK in frog’s muscle at 0" (\ Four experiments; oxtreino examples, 
high and low, to show variation. Optimum sjieeds shown by arrows. A, 0-6 si*c. 
stimulus. O' 12 sec. release, thermopile P6. H, 0'8 see, utimulus, 0*13 sec, rfiloosc, 
thermopile PH. C\ 0 5 sec. stiiniilus, 0 lOsoc. roleiuse, tliermopile P 5. T), 0*6 sec. 
stimulus, 0*12 see. i*elease, th(*miopile P 5. 


It is clear that the experimental relation is very similar to the calculated 
one shown in fig. 1 ; not only in general sha 2 >e but (a) in the absolute 
value of the maximum and (6) in the speed at which the maximum occurs. 
Curve C is for the exjKsrimcnt of which some of the work curves are given 
in fig. 3. 
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The results of ten such experiments are given in Table III. In each case 
a series of measurements was made for a constant diu*ation of stimulus but 
with variable speed of shortening, the results wore plottctl and the maxi- 
mum efficiency and optimum speed read oflF as from the curves of fig. 4. The 
mean value of the maximum efficiency was 39-4 % and of the optimum sjjeed 
v/b — ()'735, very close to the predicted values of 40'.'5% and v/h =0*725 
respectively, h has been taken as Z/3 per sec., so that = 0*245Z/seo. 
Full shortening is usually about 0-37/ which occurs at tins speed in 
1*5 sec., so that tetani much longer than 1*2 sec. will give artificially low 
values. Very short tetani did not yield sufficiently consistent results, so 
that the mean has been taken only for tetani of duration 0*4-l*2 sec. 
Actually for speeds somewhat less than Ihe optimum quite high values of 
the efficiency can still bo obtained with longer stimuli, for (»xamplc, in 
Table 111, 30*9 % for I *4 sec., 39*3 % for 1*5 sec. and 37*7 % for 2*4 sec. 


Table 111, Maximum kffk^ikncy and optimum speed with the 
Levin-Wymav ergometer 


IVtaniw: HOC. . 

0*5 

0.5 

0*8 

M 1 

0*2 

0*4 

0*7 

1 0 • 

IloIt'OHo: Hve, I 

(M 

0 ][ 

0*13 

015 

0 09 

0*1 

0*13 

0*16 

Max. dfuMimuy . % i 

38*6 

40-0 

40*2 

39*4 , 

37*0 

38 0 

38*0 

38 0 

Opl iniiim speed ; v/b \ 

0*82 

0*78 

0 65 


- 

0 87 

0 78 

0*66 

Ti'tanus* sec 

0 6 

1*0 

1*5 j 

1 0*6 

; 1*0 

1 0*6 

1*0 

1*4 

Release : s(»c. 

0*12 

0*16 

0 20 1 

0*12 

0*20 

0*15 

0*20 

0*25 ! 

Max. efficiency : 

42 4 

43*0 

393 1 

1 34*7 

42 0 

37*3 

38*2 

36 9 

Optiinuni speed: t^/b 

0*66 

0*61 


1 0*80 

0*75 

0*76 

0*69 

j 

Totanas: sec. 

0*6 

1*2 

2*4 

1*2 

1 




Release: sec. 

01 5 

0*20 

0*3 

0*2 

0*2 




Max. efficiency: Vo 

30-9 

39*9 

37*7 

40 0 

30 8 




Optimum spt'cd : v/b 

0*78 

0*66 

— 

0*69 

0*78 





Moan maximum efficiency for all tetani of 0*4 to 1*2 see. = 39*4 Moan optimum 
spood for the same v/b = 0*735. 


Apart from the complicating factors discussed above (p. 43H) theory 
predicts that the efficiency should be inde|)endent of the duration of 
stimulus. At a given speed more work would be done with a longer stimulus 
and correspondingly more heat would be liberated. The chief of those 
factors is the condition that a muscle cannot shorten more than a certain 
amount, and that the efficiency is necessarily lowered when the contraction 
is continued after maximum shortening has occurred. Avoiding such 
contractions, the result/S in Table IV show that the efficiency is, in fact, 
highly independent of the duration of the stimulus. The speeds in 



446 


A. V. Hill 


Exp. 1 and 2 were chosen to be about the optimum. In (I) the work varied 
from 20*] g.cm. for the 0-2 sec. to 52*6 g.cm, for the 1*0 sec. tetanus; yet 
the efficiency was constant. In (2) the work varied from 22*3 to 61'0 g.cm. 
In Exp. 3 a the speed was far below the optimum, so that 3*0 sec. was a 
possible duration; in Exp. 3 A the speed was rather above the optimum, 
1-2 sec. was already rather too long and the efficiency had begun to fall. 
It is very striking how constant, for a given speed, the efficiency is when 
the duration of stimulus (and therefore the amount of shortening) is 
varied. Turning to equation (3) above it is difficult to see any simple 
reason for this other than that and K/I^y should be, approximately at 
least, indepemlcnt of length. This conclusion should be tested directly. 


Tablk IV. Evfec^t of nnuATiox ok stimulfs on effioienoy 



( 1 ) Const ant spcctl, r/h = 0 745 

Tt^taniis: 

0 2 

0-3 

0-4 or* 0 6 O'? 

Eilicionoy: 

3«*2 

37 0 

36 0 36 0 37 7 37 r> 


(2 

) Constuiit Bp»*ed, v/h = 0*75 

Tt*tanus: »rc. 

0-3 

0-5 

0 7 0 9 M 13 

Efficiency: % 

37S 

38-5 

38 2 38-3 37 9 37-8 


(3) (a) Constant speed, ivl) = 0-3 

Toturuw: see. 

10 

20 

3 0 

Efficiency: % 

31 3 

32*8 

32*7 


(3) 

(6) Constant npeed, v/O = 0'93 

Tetamw: sc'c. 

0-4 

00 

0 8 10 1-2 

Efficiency: % 

40 H 

H-5 

41-2 41-3 411-2 


0 -« 0-9 1-0 

37-9 38-4 37*4 


With isotonic contractions the relation between efficiency and load is of 
the general form predicted in fig. 2. The optimum load is just in the right 
place (i)redicted P//^ = 0-475, mean observed 0-40) but the absolute value 
of the efficiency is much lower (see Table V). Moreover, the efficiency is by 
no means independent of the duration of stimulus, having (for a given 
load) a clear — if rather blunt^ maximum, depending on the load. The 
higher the load the greater the optimum duration of the stimulus. 

^J’he fliscrepancy is probably due to the fact that the isometric tension 
Pq varies considerably with length, so that to obtain the highest efficiency 
the load (as a given fraction of /{,) ought to rise somewhat at first as 
shortening proceeds, and then fall towards zero os the muscle tends to its 
minimum length. With a constant loa<l the muscle lifts it at first at a 
constant speed, then comes to a stage at which it lifts it more slowly and 
finally cannot lift it at all. With a greater constant load the muscle 
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shortens more slowly and so takes longer to reach a length at which is 
seriously diminished : the optimum duration is therefore greater. With the 
Levin-Wyman ergometer the muscle is never prevented from shortening, 
since the force opposing it is not constant but simply what the muscle itself 
can exert at the given speed. It can continue to shorten and do work even 
while its tension is falling during relaxation : u ith a constant loa<l it cannot, 
BO that the work is less. 

Table V. Maximum effic^encv and optimum speed in tsotonio 

CONTHACTIONS 


Exp. no. 


1 


2 

3 

4 

Tetanus: hoc. 


0*6 

0*8 

0 9 

0-6 

015 

Max. efficiency : % 

2S 

34 : 

12 

33 

37 

32 

Optimum loa<l: P/Pq 

0-42 

0*45 

0 50 

()• Itt 

0-47 

0*44 

Exp. no. 

•• 

5 


0 

7 

8 

TetanuH; sec. 

6i5 

0*2 0-35 

0-5 

0-8 

l-O 0-8 

M 

Max. efficiency : % 

34 

34 35 

32 

32 

37 33 

35 

Optimum load: P/Pq 

0*44 

0-43 0-63 

0-57 

0-38 

0-47 0-44 

0-49 


Mean valiK* of optimum P/f\ = (>*4S. Moan value of inaxiTnnrn efticMiMi<»y = 33 


Wo may ccinsider the matter from the point of view of ec^uation (2) 
above. If, as seems likely, from the results with the Levin-Wyman ergo- 
meter, «/Po and K/P^ are approximately independent of length, there is 
only one quantity in equation (2) which depends on length, viz. P/Pi^, which 
for a constant load P increases considerably as the muscle shortens and 
diminishes. If, therefore, PjP^ is about an opt imum at the start it rises 
beyond the optimum, in the end considerably beyond, as Bht)rtening pro- 
ceeds. (bnsequently the efliciency diminishes in successive elements of the 
shortening and the net efliciency of the whole process is less than the 
theoretical maximum. If the load starts considerably below the optimum 
it may indeed reach the optimum later in the shortening, but tlie efficiency 
is now low in the earlier stages, and the net efficiency of the whole process 
is again reduced. It is, in fact, impossible to clujose a constant lotul whicli 
remains an optimum at all lengths, and the net efficiency ol the whole 
isotonic contraction is bound to be less than the theoretical value. With 
the ergometer it is the velocity which is constant, not the load, and 
apparently about the same optimum speed exists at all lengths during the 
shortening. Consequently a true maximum efficiency can Iks obtained. 

No great interest, therefore, is attached to the exiierirnental relation 
between efficiency and load in an isotonic contraction : the condition of a 
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JF^ varying with length is too complex to treat theoretically. It is very 
fortunate that with the ergometer and a constant speed of shortening the 
complexity whicli might have arisen from a variation of Pq with length is 
apparently balanced by approximately parallel variations of K and a. 

The fact that in isotonic; contractions the optimum load has about the 
theoretical value may be attributed to two experimental facts: (a) that the 
optimum speed of shortening has about the theoretical value, and (A) that 
the characteristic equation (1) is rather accurately obeyed during the 
earlier stages of shortening. The optimum load can be calculated from the 
optimum speed by equation (1). 

Discussion 

In a previous paper (Hill 1939) it w'lis sliown that during a steady state 
of activity due to contractions at regular intervals, somewhere near 
maximum work performed, the total energy is rather exactly equal to 
twice the initial energy. The mechanical efficiency, therefore, of the whole 
muscular process, including recovery, is simply obtained by dividing the 
efficienesy observed for the initial stage by 2. Thus the maximum efficiency 
of the whole process of contraction in frog’s muscle at 0° C is about 20%. 

Many estimates of the mechanical efficiency have been made in man, 
particularly with a bicycle ergometer. Since a single contraction cannot be 
studied, but only a long series of contractions, the absolute value depends 
largely on the “ base line'* assumed in the calculation for those normal meta- 
bolic processes which are unchanged in muscular work. The maximum 
value obtained in Dickinson’s (1929) investigation, by what is probably the 
most reliable method, was about 21-5%, and this occurred at an optimum 
speed corresponding to a time for one leg movement of 0-0 sec. The 
absolute value is only slightly higher than in frog’s muscle. In human 
movements, however, a fraction of the energy is used in circulatory and 
respiratory effort, and in the maintenance of the posture of the body, over 
and above the energy used for these purposes at rest. It is impossible to 
allow for this separately. It is probable, therefore, that the efficiency of the 
human muscle itself is slightly higher than that of the frog’s, but not so 
much higher as earlier determinations on frog's muscle suggested. The 
two efficiencies are clearly of the same order of size and probably deter- 
mined by similar factors. ^ / 

The maximum efficiency depends (see equation (6) above) on a/P^ and 
K/Pq, If these were Jess the efficiency would be greater; for example, if 
a/Pfi and K/P^ were both 0-3 the maximum initial efficiency would be 39 %, 
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if they were both 0-2 it w^ould be 51 %, if they were both 0-1 it would be 
69%. There is no direct evidence at present as to the values of ajP^ and 
Tf/Pp in human muscle; to give the observed efficiency, however, they 
should be slightly less than in frog's muscle at O'" (\ 

In frog's muscle at 0 ° C the speed for maximum efficiency is given by 
v/h = 0*725. From equation (5) the optimum speed can be calculated for 
any values of u/Pq and K/Pq, and if these vary together the optimum speed 
v/b alters only little as they alter, for example, if ajP^^KjP^ ~ 0 - 1 , the 
optimum speed is vjb = 0*83; for ajP^ = KjP^^ = 0*2 the value is 0-71; for 
ajP^ = KjP^ = 0*3 the value is 0*67. It is probable, therefore, that in man the 
optimum speed is vjb = about 0-7. Now the observed optimum time for 
one movement in Dickinson's experiments was 0-9 sec. The amount of 
shortening is not known : let us for illustration take it to be 20 % of the 
length of the muscle = 0 - 2 Z. The optimum s[)ced r is then 0‘2Z/0-9 = 0 - 22 Z 
per sec. If this is equal to 0*7/> we find b = 0-31Z per sec., which is about the 
same as in frog’s muscle at 0 ^' i\ The amount of shortening cannot well 
have been more than U*3{ or less than 0*lf, so that b must lie within the 
limits 0*47/ and 0*16/ per sec. In frog’s muscle at human l>ody temperature 
the value of b (with a temperature coefficient of 2*05) \vould l>e much greater 
than this. 

The value of b in man can be roughly estimated from independent data. 
The time required to complete a maximum unloaded shortening of human 
arm muscles is about 0*25 see. (Lupton 1922 ). If we suppose that the 
amount of shortening is one-quarter of the muscle’s length then the 
maximum sx>eed (unloaded) is Z per sec. Now from the characteristic 
equation ( I ) above the maximum speed is P^b/a and if PJa = 4 os in frog’s 
muscle this is 4h, Hence 4b = Z/sec., or 6 = 0-25Z per sec. This is in the 
middle of the range w^e calculated above, 0-l<l-0-47Z per sec. 

These calculations about human muscle are given as illustrations only, 
and to indicate the probable order of quantities. It seems likely that 
u/Pq and K/P^ arc between 0*2 and 0 * 3 , and that b is of the order ofono- 
quartor of the muscle length per sec. A direct investigation of these 
(piantities should be possible : for example a and b might bo determined by 
finding experimentally the relation between load and speed of shortening 
and ajiplying the characteristic equation (1). Knowing b, K = kjb could be 
found by measuring e.g. witli a thermocouple inserted in a muscle during 
a maximal isometric contraction. The direct determination of these 
“dynamic constants” on human muscle would be of the greatest interest. 

One ixjculiar coincidence, if it ]>e a coincidence, has been realized in this 
work, viz. that a/P^ and K/P^ are very nearly equal* they might have been 
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completely different. In frog’s muscle at 0° C we have taken a/Pp == ^'25 
and K/P^ = 0-325. If we took both as 0*287 (their mean value) we should 
not be outside the range of possibility in the experimental measurements, 
and the calculated values of the maximum efficiency and of the optimum 
speed would bo unchanged. Tf in fact they were equal, since K = k/h we 
should have a = k/b, or i; = oA. Thus the heat required per sec. to maintain 
an isometric contraction would be equal to the “heat of shortening” at 
velocity b. Inhere is no apparent reason vhy k should be even of the same 
order of quantities as ab. That it is in fact nearly if not exactly equal to 
ab is very suggestive. 

The approximate c<iuality may be a chance occurrence. It may, however, 
de|X)nd upon some fundamental property of muscle. During an isometric 
contraction in outwarvl appearance a muscle is still. 'I'he energy required 
to maintain the contra(;tit)n at constant length is about equal to the extra 
heat for shortening at velocity />, a velocity which is as characteristic in 
muscle as the velocity of sound is in ^lir. In a maintained contraction the 
ordered molecules are relaxing and being restored all the time, the process 
being accompanied by a continual liberation of heat. This heat is the same, 
or nearly the same, iis the extra Ijcat a<*eompanying the redistribution and 
reorientation of molecules in shortening at velocity />. 

The apitarvnt relation between k and ab should be explored in other 
muscles, and in frog's muscle at other temperatures. If an approximate 
equality is not found elsewhere if must be regarded as a coincidence in 
frog's muscle at 0 ’ C. If it ])orsists it may yield an imi>ortant clue os to the 
mechanism of the contractile process. 

Summary 

1. A theoretical discussion is given of the mechanical efficiency of 
muscle, based upon tlie dynamic constants a and b of a previous paper, the 
isometric tension Pq, and the heat of maintenance k. nations are given 
relating the efficiency to the speed in a contraction at constant speed, and 
the efficiiency to the load in an isotonic contraction. The constants are 
known for frog’s muscle at 0'^ C and absolute values of the efficiency are 
calculated. 

2. Experiments arc described on frog’s muscle at OT, using a “pro- 
tected’ thermopile and a Levin- Wyman ergometer, from which it appears 
that the relation between efficiency and speed is of the predicted form, and 
that tlie maximum effi(!icn(!y and the optimum sjiocd are very close to the 
predicted values. 
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3. At a given speed the observed efficiency is indc()cndent of the dura- 
tion of stimulus, and therefore of the amount of shortening. The cause of 
this is discussed. 

4. In isotonic contractions the optimum load agrees closely with that 
predicted, but the maximum efficjiency is less. The divergence is explained. 

5. The observed maximum efficiency (40%) of the initial process 
corresponds to an efficiency of 20 % for the whole muscular cyiile including 
recovery. This is not much less than the maximum efficiency in man. 

0. The maximum efficiency depends only on ajP^ and Kll\ where 
K = kjb. It appears that ajP^ and KjP^ are approximately independent of 
length, in frog's muscle at 0"' A; is approximately equal to ab\ in other 
words, the heat requirc<l to maintain a contraction is about equal to the 
extra heat associated with shortening at velocity b, 

7. Approximate estimates are given of the dynamic (jonstants of human 
muscle, which seem to be similar to those of frog's muscle at 0" (J. 
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The development of the Weberian ossicles and 
anterior vertebrae in the goldfish 
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(Vimmunicated by E. W, MacBride, FM.S. — Received 14 Fehrvary 1939. — 

Revised 4 May 1939) 

Introduction 

The study of the development of the anterior part of the vertebraiijfclumn 
in the goldfish, Carassiua auratua (L.), presents an interesting pwblem on 
account of the modification associated with the presence of the Weberian 
ossicles. Although much descriptive and anatomical work has been done on 
the Weberian ossicles, the early stages of their development have been 
described only by Nusbaum (1881) in the carp and by Matveiev (1929) in 
the rudd, who are by no means wholly in agreement with regard to the 
method of origin. Some difference of opinion also exists with regard to the 
existence of separate intercalary elements in the anterior part of the 
vertebral column of teleosts. 

In this investigation of the development of the anterior vertebrae and 
Weberian ossicles of the goldfish it has been my endeavour to elucidate 
these points. 

The young stages of the goldfish were reared in oi)en-air ponds at Beam 
Brook, ^lewdlgate. Experiment showed that length was a better criterion 
of degree of development than age, so larvae of various sizes were obtained 
by using tine-meshed nets in the breeding ponds. The study of the develop- 
ment was made entirely by means of sections. The young fish were em- 
bedded by the benzol-wax method and the sections were stained in Dela- 
field's hocmatoxylin. All sections were examined by the preparation of 
camera-lucida drawings, graphic reconstructions and photographs. 


The development of the anterior vertebrae 

Immediately upon hatching the young fish is 3-4 mm. in length, and the 
vertebral column is represented only by the notochord and its sheaths. By 
the 8 mm. stage the basidorsals and basiventrals of the first five vertebrae 
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are present, but the independent meaenchymatous rudiments which con- 
tribute to the formation of the Weberian oasiclea do not ap[)ear until the 
10 mm. stage. 

The first vertebra 

The anterior vertebrae are separated from the musculature by the saccus 
paravertebralis. In the adult no neural arch corresponds to this vertebra, 
and in the 1 1 mm. stage the spinal cord is surrounded by a peculiar ring of 
cartilage which is continuous anteriorly with the cranial cartilage (fig. 1). 



Fio. 1. Diagrammatic transverse section in the region of tlio first vertebra of a 
12 mm. goldfish to show tVm rudimonts of the claiistrurn and scaphium. (The 
parapophyses are not shown since they do nut lie in the plane of ihn section.) 

The thickened base of thia ring of cartilage lies betwetm the notochord 
and the spinal cord and extends up on either side of the latter so that in 
cross-section the cavity apf)ears to he semicircular. It arises inde[)endently 
of the rest of the first vertebra and can bo traced forw'ards into the skull 
where it becomes flattened out and forms the roof of the cavum sinus 
imparis. It may represent a non-bony extension of the exoccipitals. Just 
in front of the first vertebra it narrows and the atria of each side pass below 
it and unite to form the sinus impar. In the adult the base of the ring 
becomes converted into fibrocartilage in the vertebral region and forms a 
kind of pad between the spinal cord and the centrum. In the skull region 
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it becomes ossified into a thin plate of bone, roofing over the cavum sinus 
iniparis. 

The claustrum rudiment and the scaphium rudiment are present in this 
region, and that ])art of the basidorsal of the first vertebra which would 
normally give rise to the neural arch becomes part, of the scaphium rudi- 
ment by fusion with the independent mescnchy matous anlage of the concha 
stapedis (figs. 1, 2, 5), 

The lower arch or basiventral of a vertebra may give rise either to a para- 
pophysis, which is lateral or ventrolateral in jiosition, or to a hoemapophysis, 
liicli is vonlral in position, nr to both ; and either or both of these structures 


F( n IP 



Fuj. 2 Dmi^rnminatio fnmtal section of tho ronion of the firat two vertebrae m a 
1 2 tnin. goldfish to show the fibrocnrtilagc pud, tlie nuhineiifs of tin* scaphium and tho 
intercalanuin, and the tips of the “transverse jiroeessi's^’ of tlie first \ertebrn. 

may be cartilaginous or mesenchymatous. liotb occur in the typical trunk 
vertebrae of tho goldfish and both are pri'stmt in the first vertebra. The 
parapophyscs are massive lateral blot*ks of cartilage while the haemapo- 
physes are small mesenchymatous processes of tho ventral surface of the 
centrum (11 min. stage). 

Lying toward the ant^^rior margin of the centrum and proceeding out- 
wards from the cartilaginous parapo])hyses are the so-called “transverse 
processes ” which are mesenchymatous in the 1 1 mm. stage but later undergo 
ossification. In the adult they are firmly fused to the centrum jiroximally 
while distally they penetrate the myotomes. The homologies of these 
processes have been much disputed. Their structure indicates that they are 
ribs, and their position, attached to the middle of the centrum and ixjno- 
trating the muscles, points to* homology with the dorsal or upper ribs of 
Polypierns (Bndgett 1902) and of E&ox and otlier teleosts (Goodrich 1930) 
(figs. 1 , 2). 
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SecoTifl and third vertebrae 

In the 11 mm. stage the developing centra of the second and third 
vertebrae are distinct and separate, with corres])ondmg sets of cartila- 
ginous arcualia. The arcualia of the second verttihra contribute to the 
intcrcalarium rudiments hile the arcualia of the third vertebra contribute 
to the tripus rudiments. Above these vcrtebnie lies a large mass of cartilage 
which, in the adult stage, when the centra of the second and third vertebrae 
have fused, becomes ossified to form the neural spine an<l ar(‘hes of the 



Kro. 3. HcM'onstructuiii fi*oin sagittal wc^tions of tlm luitorior v^rtobral region in a 
12 nun. golflfish, illustrating tim fonn of the rudiments of the Weberian ossiclea and 
tlieir relationships to the other struct un's in this rc'gion. 


“compound” vertebra. The baaidorsal of the fourth vertebra is fused with 
this mass, as is also part of the basidorsal of the second vertebra. The 
absence of intersjiinous bones corresponding to the first three vertebrae, 
whether as rudiments or in the adult stage, indicates that those also are 
jirobably fused into the moss early in ontogeny. This structure therefore 
probably represents the fused neural .spimss and bosidorsals of the second, 
third and fourth vertebrae together with the first three interspinous bones 
and possibly the neural spine of the first vertebra (fig. 3). 

In the adult stage the centra of the second and third vertebrae become 
fused so as to form one large amphicfjelous centrum, above which the 
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cartilage raass develops into the compound neural arch and an enormous 
neural spine anteriorly, to which is closely applied, posteriorly, a much 
smaller neural spine belonging to the fourth vertebra. From the, anterior 
margin of the compound vertebra, i.e. the true second vertebra, arises a 
pair of processes similar to and homologous with the “transverse processes " 
of the first vertebra. 


Fourth vertebra 

The fourth vertebra is less modified than its predecessors and in the adult 
stage is tyi)ical, except that the ribs are shorter and that a pair of triangular 
processes arise from the ventral surface. In the 12 mm. stage it is clear that 
the ribs, which have been sometimes referred to as '‘transverse processes”, 
are true pleural ribs, since proxitnally they are formed from the basi- 
ventrals, while distally they are composed of strands of mesenchyme similar 
in form and position to those which give rise to the ribs further back; 
moreover, they pass below the muscuiatiin^ 

The rudiments of the ossa auspensoria are visible in the 11 mm. stage as 
narrow strands of mesenchyme sloping forwards and downwards from their 
point of origin, the perichordal sheath on the ventral side of the developing 
fourth centrum (fig. 4). These structures resemble the haemapophyses of the 
first vertebra in form and origin and are undoubtedly homologous with 
them. 


tiuimnary table 

The following table indicates the fate of the various rudiments of the 
anterior vertebrae . 


Vertebra 

Bosidorsal 

Parapopli,Vsis 

Haemapophysis 

1 

iScaphium 

Hns(^ of “transv(»rst^ 
process ” 

Pnwent 

2 

Cartilage mass and 
intercalarium 

Jiase of “transverse 
process ” 

Pri'W'nt 

3 

Cartilage mass 

Tripiis 

Absent 

4 

Cartilage mass 

Hoad of rib 

Ossa suspensoria 

5 

Typical neural arch 
and spine 

Head of rib 

Present 


Note. Tho cartilage mass roforred to in the table above gives rist*. as has been pointe<i 
out. to tho neural archf's and spiiu's of ttie wrond, third and fourth vertidiroe. The 
participation of the basidorsal of thii H(»rond vertebra was not tletected in the young 
stages, but was infornHi by mason of tho fact that ttie second vertebra does possess a 
neural arch, unhkt* the first verbdira, uii<l since tlmt neural arch does originate from 
the cartilage moss. 



Weberian ossicles and anterior vertebrae in the goldfish 457 


The development of the Weberian ossicles 

In the 11 mm. stage the rudiments of tlie Weberian ossicles are present 
but fusion of parts has not yet begun, so that interpretation is facilitated. 

Clauairum 

The claustrum rudiment lies between the first and second vertebrae, and 
slightly overlaps both. In the anteroposterior direction it is co-extensive 
with the scaphium. It occupies the same position and has much the same 
form as in the adult. It arises from an accumulation of mesenchyme <'ells 
that become directly ossified, and forms the upper part of the inner wall of 
the atrium sinus imparis, the lower jiart being formed by a thin sheet of 
mesenchyme whicli extends downwards to join the block of cartilage lying 
below the spinal cord. Ventrolaterally the claustrum rudiment is attached 
to the scaphium rudiment by a thin sheet of mesenchyme while dorsally it 
is joined by mesenchyme to the vault of cartilage which lies over the spinal 
cord (figs. 1, 3, 5). 

Scaphium 

Just below the claustrum rudiment, a circular accumulation of loose 
mesenchyme cells appears in the 10 mm. stage. It is entirely independent 
of the vertebral structures in this region at first. It lies in a parasagittal 
plane and later becomes ossified to form the concha stapedis. The carti- 
laginous basidorsal of the first vertebra, lying just behind the mesenchyme 
rudiment of the conclia stapedis, becomes fused with this rudiment in the 
1 1 mm, stage. The basidorsal then projects dorsally and ventrally beyond 
the margin of the circular mesonchymatous mass and later gives rise dor- 
sally to the ascending process and ventrally to the articulating process. As 
development proceeds the whole scaphium rudiment becomes ossified and 
forms a unified structure showing no trace of its dual origin (figs. 1-3). 

To the outer surface of the concha stapedis rudiment becomes attached 
the interossicular ligament which passes backwards, downwards and out- 
wards to become attached posteriorly to the basiventral of the third 
vertebra. 

IntfrcaUirium 

The intercalarium first apj^ears in the 12 mm. stage as a direct ossifica- 
tion in the interossicular ligament quite close to the concha staiiedis rudi- 
ment. It projects beyond the ligament on the inner side, lias an oblong 
form and lies at an angle of about 45'’ to the sagittal piano with the anterior 
end outwardly directed. This ossification becomes the manubrium incudis. 
Opposite to it lies the cartilaginous basidorsal of the second vertebra, with 
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which it fuses later (16 mm. stage), the whole intercalarium becoming 
ossified to form a unified structure revealing no trace of its dual origin. The 
basidorsal of the second vertebra gives rise to the articulating and ascending 
processes of the intercalarium (figs. 3, 5, fi). 



Km. 4. Dm^rauimat ic li'aiiwv(»rs(' s«»eti«n lu tlu‘ region of tlio third v<»rU'bra to nhow 
tho rudinionts of tlio ossa siisjM'nsoria, llu* trijnis and the neiind arch and spine 
(12 mill, stage). 


In two familicH, the Tobitidae and the Siluridae, the intercalarium does 
not articulate with the vcrtt'bral column, but retains its inde|)endenco as a 
nodule of bone embedded in the interossicular ligament. The basidorsal of 
the sectind vertebra thert'fore does not participate in the formation of the 
intercalarium in this case. Thus the adult condititin in these families cor- 
responds to the embryonic comlition in the goldfish and therefore must be 
considered primitive. 

Tripvs 

Tlic basiventral of the third vertebra is a prominent mass of cartilage 
whicli projects into the saccus paravertebralis (fig, 4), and is attached 
anteriorly to the interossicular ligament. Its distal end is formed of mesen- 
chyme which becomes ossified later (15 mm. stage) and curves downwards 
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and inwards to become attached to the outer coat of the anterior wall of the 
air-bladder. This is the principal rudiment of the tripua, the cartilaginous 
baaiventral giving rise to the anterior process and the articulating process 



Fio. 5. R<'Constriiction from frontrti w^ctjoris of t)ic vertebral rf'^ion in a 

12 inm. goldfish* illustniliiig tho method of formation of tho VWlMTian ossicles and 
the relationships of thoir rudiments to the air-l)la<ldor and the \crtobral colutnn. 

while the distal mesenchymatous rudiment gives rise to the tiunsformator 
jirocess. In the 15 mm. stage the traiisformator process is added to by an 
ossification arising in the outer coat of the anterior cliamber of the air- 
bladder, while an ossification in tlie interossicular ligament similar to that 
which gives rise earlier to the manubrium incudis contributes the tip of 
the anterior process. 



Fig. 7. Side view of the back of the skull and the anterior vertebrae 
in an adult goldfish to show the peculiar spatial relationships of the 
Weberian ossicles and their connexion with the air-bladder. 
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Between the basiventrals of the third and fourth vertebrae ( 1 1 mm. stage) 
lies a mass of mesenchyme which is attached to the third basiventral and 
leads towards the fourth basiventral. This mass later becomes ossified and 
forms the mass of bone which lies between the proximal end of the trails- 
formator process and the articulating process in the fully formed tripus. In 
the 25 mm. stage, when ossification is complete, it has a fibrous appearance 
and forms a strut increasing the rigidity of the whole ossicle, holding apart 
the articulating process and the transformator process which might other- 
wise become pressed against one another, and converting the tripus into a 
massive and rigid rather than a thin and elastic structure (figs. 3 , 5 ). 

Fusion of the various skeletal elements forming the Weberian ossicles 
does not become complete until the 20 mm. stage. The following table 
indicates the nature of the various rudiments that go to make up the 
Weberian ossicles : 



l*art 

Anlage 

ClauHtniin 


Crescentic accumulation of mes- 
enchyme Hi wall of atrium 
sinus impariH 

Scaphiurn 

Concha stapedis 

Asconcling and articulating 
pruccHses 

Circular disc of rncj^enchyine 
Basidorsal of the first vertebra 

Intorcaliiriuin 

MHiiubriuin iiicudia 

Ascending and articulating 
processes 

Ossification in inti'rosHieular liga- 
ment 

Dasidorsal of the second vertebra 

Tripus 

Anti^rior process 

Articulating process 

Main body 

Transformator process 

Basiventral of the thin! vertebra 
plus ossification in interossi- 
cular ligament 

Basiventral of the third vertebra 
Mass of mesenchyme between 
thinl and fourth basiventrals 
Rib rudiment of the third ver- 
tebra plus ossification m wall of 
air-bladder 


Discussion 

In discussing the question of the homologies of the various components 
of the vertebral column much emphasis has been laid by earlier investi- 
gators on the tissue of which the structure is composed, whether cartilage 
or mesenchyme. Matveiev (1929) and Schauinsland (1903, 1906), however, 
have shown clearly that similar skeletal structures may be composed either 
of cartilage or of mesenchyme in different regions of the same animal or in 
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different animals. Thus in the pike (Esox lucim) the basidorsala are carti- 
laginous while the basiventrals are mesenchymatous. Further, in the 
Clupeidae the aroualia are cartilaginous whereas in the Gadidae they are 
mesenchymatous. This point is of importance in discussing the homologies 
of the anterior vertebrae and the comf)onents of the Weberian ossicles in 
the goldfish. 

Several authors, notably Matveiev (1929) and Rarnanujam (1929), have 
claimed that dorsal intercalarics occur in the anterior part of the vertebral 
column in Teleostei. Faruqi ( 1935), however, has shown that Ramanujam’s 
claim to have found dorsal intercalarics in the first two vertebrae of the 
herring (Olupea harefi^us) is based on misinter|»retatio}]. Matveiev’s claim is 
more serious. He considers the dorsal arch in Cyprinidac to be double and 
indicates in his diagrams of the young stages of the rudd {Hmrdinius 
eryihrophthnlmuft) a very marked division int-o basidorsal and dorsal inter- 
calary. Tie maintains that in the first throe vertebrate there are isolated 
dorsal intercalarics, while in the posterior vertebrae the dorsal intercalary 
has become fused with the basidorsal so that only one dorsal arch a|)pears. 
He iriter|)rets this phenomenon in the following way: the double tjondition 
of the dorsal arch in fish is a primitive condition which has been lost in the 
majority of Teleostei ; in the Cyprinidac there is secondary recapitulation of 
the double condition of the arches in the anterior vertebrae because of the 
presence of the Weberian a[)paratus, the development of which delays the 
fusion of the dorsal intercalarics and the basidorsals, which normally takes 
place very early in ontogeny. 

In the goldfish tliere is no trace, in any stage, of such division in the dorsal 
arches of the anterior vertebrae. (Woful examination of the early stages 
when the arches are developing from the perichordal sheath failed to reveal 
more than one pair of dorsal accumulations of mesenchyme per vertebra. 
Some degree of recapitulation certainly ocicurs in connexion with the 
anterior vertebrae, since the basiventrals are cartilaginous in this region, 
although mesenchymatous further back as in the pike, but no separate 
dorsal intercalarics occur. 

Since it is improbable that the teleostean vertebral column is primitively 
monospondylous it seems possible that the posterior zygapophysis may 
represent a dorsal intercalary, originating as it does from an accumulation 
of i)erichordal sheath cells like the basidorsal. Its late development would 
account for the fact that it is directly converted into bone and its position 
at the posterior edge of the developing centrum is not inconsistent with 
homology with a dorsal intercalary. 

The vertebral column of the goldfish shows a condition intermediate 
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between that of the cod, in which the arcualia are all mesenohymatouH, and 
that of the herring, in which they are all cartilaginous; the dorsal arch 
rudiments l>eing cartilaginous and the ventral arch rudiments mesen- 
chymatous (as in the rudd and the pike). Only in the first five vertebrae do 
cartilaginous basiventrals occur, a form of recapitulation due to the develop- 
ment of the Weberian ossicles. 

The presence of the Weberian apparatus is always (lorrclatod with con- 
siderable modification in the anterior vertebrae of Ostariox»hy8i which has 
been described in great detail in the majority of genera, in j^articular by 
Bridge and Haddon (1890, 1892, 1893), by Chranilov (1926, 1927, 1929a, 6) 
and by Adams (1928); and there hcos been much speculation, based mainly 
on comparative anatomy, as to their homologies. 

Above the first vertebra lies a moss of (uirtilago which extends bacikwards 
to the intervertebral region between the third and fourth vertebrae. 
Matveiev considers it t(» be formed by the fusion of the first three inter- 
s|>inous bones with the neural sjiincs of the first thrc'O vertebrae. Nusbaum 
considers it to bo a part of the skull. Over this point 1 am in i)artial agree- 
ment with Matveiev and in total disagreement with Nusbaum. My sections 
showed clearly that there is no connexion between this structure and the 
skull and that it is contributed to by the basidorsals of the second, third and 
fourth vertebrae. The interspinous bones [irobably also (contribute to it 
since there is no trace of them elsewhere. As has been show n, it gives rise 
to the neural arches and neural spines of the sc(!Oiid, third and fourth 
vertebrae in the adult stage. T (*annot agnie with Matveiev when ho states 
that the first vertebra takes part in the formation of this cartilage mass, my 
sections showing clearly that the basidorsal of the first vertebra forms part 
of the scaphium. 

In the 11 mm. stage the spinal cord is surrounded in the region of the 
first vertebra by a peculiar ring of cartilage. Matveiev is the only author to 
refer to this structure but is unable to say what it represents. 1 have been 
able to show that it is probably an extension of the exoccixiitals. 

The homologies of the so-called “transverse processes” of the first and 
second vertebrae have aroused a great deal of controversy. Matveiev 
discusses them at considerable length but does not come to any definite 
conclusion about them. Tliey ai*c certainly not transverse jirocessos or 
diapophyscs since they proceed from the centrum while true diapophyses 
proceed from the neural arch and are in any case more characteristic of 
Tetrapoda than of Tclcostei. 1 am of opinion that they are dorsal ribs 
since their origin and stnicturo in the larva is similar to that of the dorsal 
or upper ribs of the pike and some other teleosts. 
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Matveiev makes no reference to the fusion of the second and third centra 
to form the “compound” vertebra. In the oldest stage which he studied 
the fusion had not yet commenced. Bloch (1900, 1916), however, in 
describing the anterior vertebrae of the loach (Nemachilus barbcUtdus) 
refers to the fact that the second and third vertebrae are inseparably fused. 
There is no doubt that in the goldfish the apparent second vertebra of the 
adult is formed by t))e fusion of the second and third centra during ontogeny. 

Much doubt has been cast by earlier investigators on the homologies of 
the ribs of the fourth vertebra. Many have considered them to be trans- 
verse processes, presumably since they are more iirmly attached to the 
centrum than the ribs of the posterior vertebrae and arc shorter and stouter. 
Sections of the adult and of larval goldfish show that both in structure and 
development these processes are homologous with the pleural ribs of the 
posterior vertebrae. 

The ossa suspensoria are believed by Bloch (1916), Sorenson (1890, 1895) 
and Wright (1884, 1885) to be modified transverse processes (i.e. para- 
pophyses) while Weber, Muller, Nusbaum, Sagemehl and Chranilov believe 
them to be ribs. Since true ventral ribs have already been shown to be 
present in this vertebra it is obvious that the ossa suspensoria cannot 
represent ribs. Nor do the parajuiphyses take part in the formation of the 
ossa suspensoria which are clearly homologous with the haemapophyses 
found in other vertebrae of the goldfish. This was also found to be the case 
by Matveiev in the rudd. 

With respect to the mode of development of the Weberian ossicles, three 
theories have been put forward. Weber (1820), Troviranus, Saagman 
Mulder, Baer and Breschet and the older authors considered these ossicles 
to be homologous with the ear ossicles of mammals. St Hilaire (1824), Muller 
(1843), Beaudelot (1868), Sagemehl (1884a, b, 1891), Bridge and Haddon 
(1893), Sachs (1912), Nusbaum (1908 a, b), Thilo (1908), Chranilov (1929 a, b), 
Grassi (1883) and Sidoriak (1898) believed the ossicles to be entirely derived 
from the anterior vertebrae. Sorenson, Bloch, Wright, Reis (1905) and 
Matveiev have held that the ossicles are derived in part from the ossification 
of ligaments and in part from the anterior vertebrae. 

The development of the Weberian apparatus is a process of considerably 
greater complexity than was supposed by the earlier authors. From the 
time of its discovery by Weber in 1820 until the beginning of the present 
century, no one hod investigated the appearance of the Weberian ossicles in 
the young stages of the Ostariophysi. It was tacitly assumed that the 
Weberian ossicles originated by the simple detachment of portions of the 
anterior vertebrae, and it was left to the comparative anatomist to decide 
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the exact relationships of the different structures. As with the function, so 
with the development, until recently all theories were based on morphology 
only, which, as Bridge has remarked, is a singularly inaccurate guide, 
although an essential basis, for embryologit*al and physiological theories. 

Nushaum, in 1908, working on the common c!arp {Cypriift,us carpio), was 
the first to undertake a real embryological study of the Weberian apparatus, 
and no further work was carried out in this direction until 1929, when 
Matveiev published a detailed account of the Weberian ossicles and anterior 
vertebrae in the young stages of the rudcl (Smrdinius erythrophthahmis). 

The claustrum or “einlagcr” has aroused considerable diversity of 
opinion as to its origin. Grassi and Sagcrnehl believed it to be derived from 
the skull ; Beaudelot and Sorenson considered it to be derived from the 
interspinous bone of the first vertebra; Wright and Bloch considered that it 
was derived from the supradoraal of the first vertebra; while Kindred 
believed it to be an intercalated cartilage. 

1 am iti agreement with Kimlred (1919) in believing the claustrum to be 
an intercalated structure. Kindred, how^ever, states that in the horned pout 
{Arniurus vehnlosuft) the clauatnim is of cartilaginous origin whereas in the 
goldfish 1 find it to be mesencliymatous. 

The majority of investigators are agree«l that the scaphiurn, so-called 
“stapes” or “deckel”, represents a modified part of the neural arch of the 
first verteVira. In the goldfish, however, the scajjhium clearly arises from 
two rudiments — the basidorsal of the first vertebra and an independent 
accumulation of mesenchyme, the former giving rise t.o the articulating and 
ascending processes, the latter to the conclia stapedis. Matveiev attrihutos 
a similar dual origin to the scaphiurn in the rudd. 

By most investigators the intercalariiim, so-called “incus” or “lenker”, 
is attributed to the neural arch of the second vertebra. Sorenson, however, 
considers it to be derived from the rib of the second vertebra, while Matveiev 
believes that it is formed by the fusion of an indc|ieiKicnt mesenehyinatous 
rudiment with the neural arch of the second vertebra. In the goldfish the 
intercalarium arises from an independent ossification formed in the inter- 
ossicular ligament which fuses with part of the basidorsal of the second 
vertebra. The former gives rise to the manubrium incudis, the latter to the 
articulating and ascending processes. 

The origin of the tripus, so-called “malleus” or “hcbel” has, like that of 
the claustrum, aroused considerable diversity of opinion. Sagemehl, Bridge 
and Hoddon, Bloch, Reis and Sachs believe it to bo derived from the rib of 
the third vertebra, while Grassi attributes it to the transverse process of 
the third vertebra. Sorenson holds that it is dorive<l from the rib of the 
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third vertebra together with an OBsified ligament. Wright believes that it 
represents the rib of the third vertebra together with an ossification of the 
outer wall of the anterior chamber of the air-bladder. Muller and Nusbaum 
hold that it is derived from the rib of the third vertebra together with its 
transverse process (parapophysis), while Matveiev attributes it to the 
fusion of an ossified ligament lying between the lower anterior arches 
together with the ribs of the second and third vertebrae and the transverse 
process of the third vertebra. 

The development of the tripus in the goldfish docs not lend complete 
support to the theory of any previous investigator. The bulk of the tripus 
rudiment is formed by the fusion of the basiventral of the third vertebra 
with a distal rod-like mesenchymatous extension thereof; in other words by 
the parapophysis and pleural rib of the third vertebra, the former giving 
rise to the articulating process, the latter to the transformator process. 
Uniting the articulating and transformator processes is a mass of mesen- 
chyme which has not been described by any previous investigator. Of 
structures like the “transverse processes” of the first and second vertebrae 
there is no trace in the third vertebra. The transverse processes referred to by 
(jrassi, Muller and Nusbaum are the parapophyses. I cannot agree with 
Matveiev when he states that the second vertebra contributes to the tripus, 
an opinion in which lie is alone. In the later stages (15-25 mm.) the trans- 
formator process is contributed to by an ossification in the outer wall of the 
anterior chamber of the air-bladder, while the anterior process is contributed 
to by an ossification in the interossicular ligament similar to that which 
forms the manubrium incudis. The tripus, therefore, is an ossicle of 
complex origin. 

Previously it has been considered that the indirect system of the Weberian 
apparatus which is found in the Uyprinoidea (in which the intercalarium 
articulates with the vertebral column and the tripus possesses a transfor- 
mator process which reverses the direction of motion of the chain) is more 
primitive than the direct system which is found in Siluroidea (in which the 
intercalarium does not articulate with the vertebral column and the tripus 
lacks a transformator process, so that the direction of motion of the chain 
is in the same sense as the movements of the wall of the air-bladder). The 
direct system has been considered as a degenerate form of the indirect 
system. The mode of development in the goldfish, however, is not consistent 
with such a theory. The condition of the intercalarium rudiment and the 
tripus rudiment in the young stages of the goldfish in particular, and pre- 
sumably of the Cyprinoidea in general, closely resembles the condition of the 
intercalarium and tripus in many adult Siluroidea. It is therefore reasonable 
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to suppose that the direct system of the Weberian apparatus is more 
primitive than the indirect system and that the latter has evolved from the 
former. 

Apart from these facts the de- /? 

velopment of the Weberian ossicles 
in the goldfish throws but little 
light on the development of the 
Weberian apparatus in time, since 
the apparatus has become special- 
izod and it first appears very early 
in ontogeny. In all probability a 
study of its developmental history 
in some of the more primitive Os- 
tariophysi, in particular the Chara- 
cinidae , the condit ionof the anterior 
vertebrae of which is much less 
abnormal, would throw more light ^ 
on the question. ^ 

It is, perhaps, not out of place to 
add a few words on the function of 
these ossicles. Of the various the- 
ories put forwanl, recent exf>eri- 
mental work has amply confirmed 
the one which postulates that they 
are a mechanism for the reception 
of vibrations. H. M. Evans (1925), 
working on several species of Cy- 
prinidae,has8hownthatthemethod 
of attachment of the air-bladder to 
the tripus is such as to render it a 
peculiarly delicate mechanism for 
the purpose of recording rapidly 
recurring movements of small am- Ali 
plitude. fhe tip of the transfer mator Fic. 8. Diaprfwri t** mIiow thr* n*]atiouship 
process of each tripus is attached between the nir-bliidder. tlio Wobcri«n 

OMSK-Ies and the inti rnni ear (morlifunl from 
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anteriorly to the ossa suspensoria j 

by a small triangular muscle con- 
sisting of unstriated fibres and known as the tensor tripodis, j)ostcriorly to 
the outer wall of the air-bladder. The system of ossicles is thus a rigid 
whole held in place by the tensor tripodis, which immediately pulls the tip 
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of the tripus back into its original position after movement of the air-bladder 
wall has caused it to be displaced. Vibrations are therefore transmitted 
by changes of tension, not, as in the auditory ossicles of mammals, 
by impact. 

A netjessary condition for the successful reception of vibrations by the 
anterior part of the air-bladder (termed by Chranilov the “Weberian air- 
chamber”) would be that the pressure of the contained gas should be kept 
at a certain uniform level. The ductus communicans between the Weberian 
air-chamber and the air-bladder proper is innervated by a special branch of 
the vagus nerve which forms a complex plexus surrounding the ductus. 
Also surrounding the ductus, and connected with the nerve plexus, is a 
]M>werfiil sphincter muscle. The nerve plexus receives afferent fibres from 
the walls of the posterior sac, and Kvans’ exi)criments have shown that 
change of pressure in the posterior sac causes immediate reflex closing of 
the sphincter. Hence the pressure in the Weberian air-chamber is main- 
tained at a uniform level which enables it to respond to vibrations. The 
ganglion and sphincters func^tion as a mechanism for maintaining a uniform 
pressure in the Weberian air-chamber, a conclusion which has been fully 
borne out by later experiments by Evans and Damant (1928). 

While Evans has shown that the Weberian apparatus could, in fact, 
function as an effective mechanism for the transmission of vibrations from 
the air-chamber to the inner ear, it is to Kuii>er (1915) and von Frisch (1936) 
that W'e are indebted for demonstration of the fact that it docs indeed so act. 
The experiments of Kuiper have shown that destruction of the Weberian 
apparatus results in fish of the order Ostariophysi ceasing to resjiond to any 
extent to vibrations, while continuing to respond to other types of stimuli. 
Von Frisch has demonstrated ex|K5rimentalIy that the sacculus and lagena 
of the ear in Cyprinidae and Siluridae is specially adapted for the reception 
of sound vibrations conveyed to it by the Weberian chain, and that both 
range of hearing and ability to discern tones is highly developed. His 
experiments proved, not only that the Ostariophysi have a sensitivity to 
sound stimuli little inferior to that of man, but also that they are much 
superior in this respect to those fish which lack a Weberian apparatus. 

I wish to acknowledge my very great indebtedness to Professor E. W. Mac- 
Bride, not only for suggesting the subject of this research, but also for 
constant encouragement and advice. My thanks are also due to Assistant- 
Professor H. R. Hewer and Dr J. R. Norman for criticism and suggestions, 
to Mr T. L. Dreen for liel|> in reganl to technique, and to Mr L. TTaig for his 
assistance in rearing the fish. 
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Summary 

The early stages of the development and formation of the anterior ver* 
tebrae and Weberian ossicles in the goldfish {Carassivts auraim) are de- 
scribed from the time of hatching till the adult condition is actpiircd at 
25 mm. and it is concluded that : 

(1) The spinal cord in the region of the first vertebra (which lacks a 
neural arch) is partly enclosed by a backward extension of the exoc 
oipitals. 

(2) The basidorsals of the second (part only), third and fourth vertebrae 
fuse with the first three interspinous bones to form a massive arch of 
cartilage which later gives rise to the neural arches and spines of the 
compound vertebra and the fourth vertebra. 

(3) The “transverse processes” of the first and second vertebnus are 
dorsal ribs. 

(4) The centra of the second and third vertebrae fuse to form a compuuiul 
centrum. 

(6) The ossa suspensoria are modified haemapophyses. 

(6) The claustrum arises as a direct ossification of the connective tissue 
forming the wall of the atrium sinus iinparis. 

(7) The scaphium arises in part from the basidorsal of the first vertebra, 
in part from an independent mesenchymatous rudiment. 

(8) The intercalarium arises in part from the basidorsal of the second 
vertebra and in part from an ossification in the interossicular ligament. 

(0) The tripus arises in part from the basiventral of the third vertebra 
and in part from an indef)endent mesenchymatous rudiment, together with 
a small ossification of the interossicular ligament and a small ossification of 
the outer coat of the air-bladder. 

(10) The condition of the embryonic Weberian chain in the goldfish is so 
similar to the adult condition in the Siluroidea that in all probability the 
indirect cyprinoid system has evolved from the direct siluroid system. 
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Abbreviations 


AB. 

Air-biodder. 

JN. 

Tntf»rnoural bone. 

AB, EXT. 

Oiilor coat of Uic air-bladder. 

Lie,. 

Tnterossicular ligamtmt. 

AB. 1NT. 

Inner coat of th(» air-bladder. 

MI. 

Manubrium incudis. 

AO. 

Aorta. 

MY. 

Myotome, 

B. 

Brain. 

sen. 

Notocliord. 

Bl). 

Hasidorsal. 

NS. 

Neural Hpino. 

HV. 

Baaivoniral. 

OSS. 

Os susyMmsoTiuin. 

C\ 

Centrum. 

PRO. 

Pharyngeal procf'ss of bosi- 

CA. 

Cartilage arch. 


ooeipital. 

Cart. R. 

Cartilage ring. 

Pont. Zyg. 

Posterior r.ygapophysis. 

CL. 

ClauHtruin. 

PS. 

Periclionlal sheath. 

CM. 

Cartilage rnnHs. 

R. 

Kib (pleural). 

COE. 

Coelom. 

S. 

Scaphium. 

CR. 

Cranium. 

SC. 

Spinal cord. 

cs. 

Concha Htapedis. 

scs. 

Semicircular canals. 

I)E. 

DiictUH ondolymydiatieiiH 

sc. 

Spinal ganglion. 

E. 

Kye. 

SPY. 

SaccuH jMiravertebralis 

FCP. 

Fibrocariilage jind. 

T. 

Tripus. 

FS. 

Filirous sheath. 

TR. 

'Franaformator pro(‘eH.s. 

HK. 

Ileaxl kidney. 

TP. 

Transverse proctM^s. 

HMP. 

ITac^mapophysiH. 

TT. 

IVnsor trif)odis. 

I. 

Interoalarium. 

WAC. 

Weberian air-chamber. 
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Low temperature and insect activity 

By Kknneth Mellanby* 

The University of Sheffield 
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Introduction 

Insects are cold blooded, and their metabolism and activity is very 
greatly influenced by the tem|)crature of their bodies, which temperature 
is almost entirely dependent on that of the surrounding environment. 
A low temperature inhibits activity, and a higher temj)crature usually 
stimulates the animal. The range over which any species can survive is 
limited above and below by lethal temi)eratures, and within this range lies 
the much narrower zone of normal activity. Most insects can for instance 
survive exposure to a much lower tem])erAture than that at which activity 
ceases. Certain terms used for conciseness in this paper require deflnition. 
The “chill-coma temperature” (Belehradek 1935) is the temi^rature at 
which the insect is immobilized by the cold. The “cold-death point” is 
the temperature below which exposure is lethal. 

It appears that if there is one single factor more than any other which 
controls the distribution of an insect, it is the temperature below which 
activity never normally takes place. Insect distribution and survival is 
no doubt greatly affected by such factors as lethal high and low tem- 
])eraturc8 and unfavourable atmospheric humidity, but if, in any region, 
the temperature does not rise sufficiently often almve that at which the 
normal activity of a species begins, that s{)ccie8 will cease to exist although 
all other conditions are favourable to life. In tem|ierate regioirs climatic 
conditions are seldom sufficiently extreme actually to kill many insects, 
but numerous species are unable to live actively or breed successfully 
there. 

The importance of the tcnqjerature below which activity never occurs 
has been realized by previous workers, but they have mostly made the 
mistake of assuming that an insect under natural conditions will still 
exhibit activity until the temperature falls to that at which chill-coma 
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occurs. This is far from being the case, for the lowest tem|)erature at which 
some form of activity is possible frequently appears to bo several degrees 
below that at which spontaneous movements take place. For instance, it 
has previously been shown that the tsetse fly, Olosaina palpalis, is able to 
fly at 14 ° C, but it never appeals spontaneously active under natural 
conditions below 20° C, and a hungry fly at (say) 18 ° C will die from 
starvation without moving to find food (Mellanby 1936). 

Previous workers have not only assumed that the low temperature at 
which activity in the laboratory begins is the same as that at which normal 
spontaneous movements start, but they also failed to realize how greatly 
the immediate past history of an insect aflects the position of the chill- 
coma temperature. As will be shown below, unless wo know under what 
conditions an insect has been living during the day previous to the 
ex|jeriment, measurements of the chill-coma temperature may be of little 
significance. 

Tn the course of this work, some observations on the lethal effects of low 
temperatures were made, and as these results indicate that the cold-death 
point is related to the chill-coma tomiMirature they have been included in 
this paper. 

It is difficult to determine satisfactorily in the laboratory the precise 
temperature at which spontaneous movements begin. Unless a good deal 
is known about the behaviour of the insect in the field, quite erroneous 
results may bo obtained. All the cxi>eriments I have made indicate that 
spontaneous movements do not occur until the temperature is considerably 
above that at which activity becomes |X)SHiblc, but even so the unnatural 
conditions often caused the insects to move at temjjeratures lower than 
those at which movements begin in the field. In this connexion I propose 
to give details of results obtained only in experiments which satisfactorily 
simulate the natural conditions. 

£x})eriments have been made to determine the effect of different 
conditions of temperature on the behaviour of insects when subjected to 
a new thermal environment; more specifically an attempt was made to 
ascertain whether previous exposure to cool surroundings would produce 
a degree of acclimatization which would enable the insect to exist more 
easily at low temperatures than if it had previously been kept in a warm 
environment. The results indicate that though the chill-coma temperature 
and the cold-death point are considerably affected, it is doubtful whether 
the activity of the insect will be greatly influenced. 
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Insects used in the experiments 

The following species were used : 

The cockroach, Blatta orienialis L. fOrthoptera]. Adults and nymphs all 
gave similar results. 

The bed-bug, Cimex lecinlarius L. [Hemiptcra]. Adults. 

Jikodnius prolixus Stil [Hemiptera]. Adults. 

The greenbottle fly, Lucilia sericata Mcigen [Dipteral. Larvae and 
adults. 

The bluebottle fly, Calliphora erythrocephaUi Macquart [Diptera]. Larvae 
and adults. 

The tsetse fly, Glossina palpalia (Robinoau-Desvoidy) [Diptera]. Adults. 

This work has been going on for some years, and many tliousanda of 
individual insects have been under observation. The flnal results obtained, 
using improved techniques, have been obtained with smaller numbers. 
For the chill-coma determinations (see Table I) in the latest experiments 
at least 20 insects were used to fix each point. In some cases (e.g. Blatta) 
over 500 individuals were used. 


The c^hill-coma temperature 

To determine the chill-coma temperature several different types of 
apparatus were tried, but eventually the simplest was found the most 
satisfactory. This consisted of a glass Erlenmeyer flask of 250 c.c. capacity 
placed inside a wide-mouthed (“quart” size) vacuum jar. The flask was 
plugged with cotton-wool, and the temperature inside measured with a 
quick-reading thermometer. The bottom of the flask was made rough by 
a layer of sand fastened in wax, so that the insects could get a grip. The 
temperature was controlled by placing water in the vacuum jar and adding 
iced or warm water to alter the temperature. Temperatures below zero 
were obtained by adding ice and salt. It was soon found easy to obtain 
any required temperature and maintain it for a considerable period. On 
some occasions it was convenient to place the insects in large cages or 
other containers exposed to the outside winter temperatures. The chill- 
coma temperature as measured with the insects outside or in the more 
restricted laboratory conditions was found to be the same in all cases. 
The humidity was not controlled, but the air in contact with the insects 
was always approaching saturation. In the field, insects immobilized by 
low temperatures will also normally be exposed to almost saturated air. 
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Most previous workers on the ehill-coma temperature have either cooled 
the insects slowly until they have become immobilized (Bertram 1935) or 
they have first put them at a low temperature which caused immobility 
and then slowly warmed them, noting the point at which activity began 
(Krogerus 1932). Both methods were tried in these experiments, but 
erratic results \vere obtained de]>ending considerably on the rate of cooling 
and warming. Later, the insects were transferred directly to some particular 
low tcmjjerature, which was maintained for at least 15 min., during which 
period the behaviour of the insects was observed. This method gave 
consistent results for comparable material. In some ways it made the 
work more tedious, as fresh insects had to be used at each temperature, 
but it was possible roughly to plot out the areas of activity using small 
numbers, then with larger numbers at the critical temperatures to obtain 
the final results. 

A considerable difference between the chill-coma temperature and that 
which allows full normal activity has been noted in certain cases by 
previous woikers (Krogerus 1932; Bertram 1935). Using the technique 
described above, it appeared that the majority of the insects tested were 
able to show full activity about U C above chill-coma temperature. These 
were non-flying insects. Flying insects are mostly unable to fly until a 
point is n^ached many degrees above the chill-corna temperature, although 
they can crawl actively much below the flight temperature. If flying 
insects in a cage are stimulated as the temperature is reduced, it will be 
seen that a point is soon reached where, although they can still fly, they 
arc unable to produce sufficient pow er (the cold has reduced their metabolic 
rate) to fly u|)wardH, and like an aeroplane suffering from engine trouble 
they lose height. They are still able to crawl when they cannot fly at all 
but fall vertically through the air. 

The insects used were bred in the laboratory.^ They were kept at various 
different temjieratures, and transferred direct from these temperatures 
down to the vicinity of the chill-coma point. It was soon noticed that 
insects of the same species taken from diftcrent temperatures possessed 
different cliili-oonia temperatures. The warmer the conditions under which 
it had been kept, the higher the chill-coma temperature for each species 
(Table I). The results in the table are not strictly speaking the chill-coma 
temperatures, they are a])proximately 1°C higher— that is, they are the 
low'est temperatures at which the insects were active. Though the position 
of the chill-corna temperature for the adults of Lucilia and CaUiphora was 
considerably affected by previous conditions, the temj^erature at which 
flight became possible w'as not so affected. With Lucilia flight was possible 
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at 14® C whatever conditions the fly had prevhaisly sustained. It is 
interesting to note that this temperature (i.e, 14® 0) is 9° C above the 
chill-coma temperature for flies acclimati'/cd to 30® and J 2 ^ C above that 
for those from 16® C. A similar comparison can be made with CalUphora^ 
which can fly at as low a temperature as 9® C. These observations supj)ort 
the view that previous exposures to different temperatures, though affecting 
considerably the chill-coma temperature, have little effect on n\etabolism 
in the zone of normal activity (see p. 483 below). Lucilia or Calliphora ai*o 
able to fly when their metabolic rates reach a high enough level, and the 
position of the temperature at which their metabolism nsaches that level 
appears to be flxed. 

Table 1. The lowest temperatures (® (^) at whicji activity ts possible 
IN a number of insects WJIKUI HAVE BEEN PREVIOUSLY EXPOSED TO 
DIFFERENT TEMPERATURES 

Insocts previously ex[K>Sf»cl to 


Species of insect 

14-17" (' 

30" 

36" C 

Blatta orientalis 

20 

7*6 

9*6 

Citnex lectularius 

4-6 

7*0 

7*5 

Hhodniua proUxtis 

8-6 

10*6 

120 

Lucilia Hcricata: 

(a) Larva 

20 

4*5 

- 

(6) Adult (crawling) 

3-5 

«*() 


Calliphora erythrocephala : 

(a) Larva 

10 

40 


(6) Adult (crawling) 

10 

6-4 



An examination of Table I will show that very different ideas as to the 
possible geographical distribution of the various species might be obtained 
depending upon the temperature at which the insects had been kept in the 
laboratory prior to the experiment. 

The PERIOD OF acclimatization 

“Acclimatization” will be used here to describe the alteration of the 
chill-coma teraiierature by previous exposure of the insects to high and 
low tein]ieratures. For instance, a cockroach kept at 30° C and then 
transferred to 16° C will be said to be acclimatized to 15° C when its chill- 
coma temperature becomes lower than 2° C, and if the insect is then 
returned to 30° C it will become acclimatized to this latter temperature 
when it is unable to crawl normally lielow 7'5° C (see Table I). 
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Acclimatization is not a long process. With one exception, all the insects 
mentioned in Table I become fully acclimatized in less than 20 hr. The 
exception is the cockroach; though siMJcimens kept at 16® C become 
acclimatized to 30® C within 20 hr., others previously kept at 30® C do not 
become fully acclimatized to 16® C for 2- 3 days. In this latter case, partial 
acclimatization takes place much more quickly. 

Very short exposures of only 5 rnin. to new temi>eratures were found not 
to have any acclimatizing effect, but after 2 hr. a temperature was found 
to have had some influence. Exposuies of up to 12 hr. produced j>artial 
acclimatization in all species, but the results were somewhat erratic, and 
it was found n)ost convenient to allow an exposure of at least 20 hr. 
an<l so obtain comjdete acclimatization. Once an insect is completely 
acclimatized the period for which it is exposed to that temperature appears 
to have no effect on the speed at which it can become acclimatized to 
another. Thus bed-bugs bred for several generations at 30® C became 
acclimatized to 15® C as rajudly as did others which had only been kept 
at 30° C for 24 hr. 

The rapidity of acclimatization accounts for the erratic results obtained 
w'hcn trying to find the chill-coma temperature by slowly reducing the 
temperature of the insect. If it comes from warm conditions, and the 
temperature is reduced slowly, the creature may be partly acclimatized 
to cooler conditions before it is finally immobilized. The slower the 
reduction in temperature the greater the acclimatization and so the lower 
the chill -coma temperature. 

No acclimatization ap|>ears to occur when an insect is in a state of 
chill-coma. Thus cockroaches from 30® C were kept for 6 days at between 
2 and 3° C, during which period they remained completely immobilized 
(though other individuals from 15® (* were able to crawl normally all the 
time at this lower temperature). If any of the immobilized cockroaches 
were warmed to 15® C they recovered after some time (see p. 479 below), 
but an immediate determination of their chill-coma temperature showed 
that it was the same as when they left 30® C and had not been affected by 
the sojourn at 2-3® C. Similarly, bed-bugs from 30® C remained im- 
mobilized at 6® C for many hours, and only became a<;climatized, so that 
their chill-coma temperature rose, at 9*6® C or above. It seems that this 
type of acclimatization only takes place in insects capable of movement, 
and not in individuals cooled below their chill-coma temperature. 
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If an insect is cooled exactly to the chill-coma temperature, and then 
warmed slightly, it recovers within a few seconds, even if it has been kept 
immobilized for a considerable period. But if an insect is cooled several 
degrees below the chill-coma terai>erature, recovery is a much slower 
process. When insects are immobilized at any particular low temperature 
and then transferred to warmer conditions, their rate of recovery is largely 
affected by their previous acclimatization. This is brought out by the 
results given in Table II. Cockroaches previously kept at 15"^ C were cooled 
at F C, which is practically their chill-coma ]ioint; on returning to 15"^ C 
they recovered at once. Others acclimatized to 30° C were also cooled to 
1° C, but in their case this was about 6° C below the chill-coma point, 
which accounts for the long time they took to recover when transferred 
to 16° C. The same phenomenon was observed with all the other species 
used in these experiments. 


Table 11. Time taken by cockroaches {Blatta oni£:yTAUs) 
TO recover from exposure to low temperature 


Tomp. of 
exposure 
•’C 

Period of 
exposure 
hr. 

Time taken to recover after transference from 
low temperature at 16“ C 

Accliinatizod to 16“ C 

— ^ 

Acclimatized to 30“ C 

1 

24 

Under 1 min. 

li-2i hr. 

1 

72 

Under 1 min. 

li-2J hr. 

-30 

1 

12 min. 

2 -21 hr. 


Insects in chill-coma recover more quickly when transferred to a high 
temperature than they do when transferred to one not far above the 
chill-coma point. Thus one batch of cockroaches recovered in 90 min. at 
16° C and in 16 min. at 36° C. Bed-bugs previously acclimatized to 30° C 
and immobilized at 3-6° C recovered in 2 hr. at 13° C and within 1 min. at 
35° C. The body temperature of a bed-bug will reach that of its surroundings 
within 6 min. ; the slow recovery at 13° C is not duo to the body temperature 
being too low to allow activity, but, presumably, to the slowness of the 
internal recovery processes. 

The differences in rate of recovery depending on tlie extent to which 
the insect has been chilled and on the position of the recovery temperature 
means that attempts to find the chill-coma temperature by slowly warming 
immobilized insects (see Krogerus 1932) is unlikely to give accurate results 
unless the rate of warming is extremely slow. If warming is quicker than 
4 hr. for a rise of 1° C the temperature may rise too high before the slow 
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recjovery processes at a low temperature are complete. This method has 
the advantage over that of slowly cooling until immobility is produced, that 
if rapidly immobilized the insci^t retains the properties of the acclimatization 
it possessed before the experiment started (see p, 478 above). 

Tiru: COLD-UKATH POINT 

There seems to be some relation betw'cen the chill-coma temperature, 
the time required to recover from chill-coma, and the cold-death point. 
1 have been unable for technical reasons to nuike a complete study of cold 
resistance in the insects concerned in this paper, but the following experi- 
ments with the cockroach appear significant. 

Temperatures below zero were obtained inside the cooling unit of a 
refrigerator in the place w^iere the ice trays normally lie. It was possible 
to obtain temperatures down to — 9° C and to maintain them within a 
constarujy of 1° C for [)edods up to 3 hr. The insects were exposed inside 
3 X 1 in. glass tubes; the oj^en end of each tube was covered with gauze. 
Results of exposures to various temperatures are given in Table III. 

Table III. Death and survival of cot^KROAoiiES {Blatta ohikstalis) 

AFTER EXPOSURE TO TEMPERATURES BELOW ZERO CENTIGRADE. SiX 
INDIVIDUALS IN EACH EXPERIMENT 


Tomp, of 

Periotl of 

Cockroaches previously kept at 

exposure 

exposure 




hr. 

16" 0 

30" C 

-30 

H 

« 

S 

-6-5 

1 

S 

D 

-6-5 

« 

S 

D 

-6*8 

U 

R 

D 

-8-0 

i 

51), IS 

D 

Between — 4 and — 8 

15 

I) 

D 


S = survived, 

D = dead. 



It will be seen that cockroaches from 1 5"" C are considerably more 
“cold-hardy*’ than those from 30° (\ Acclimatization with regard to cold- 
hardiness is as rapid as it is to chill-coma (see p, 478 above). After 20 hr. 
at 30° C cockroaches previously kept at 15° C were killed in 1 hr. at 
-6-6°C, whereas others kept at 16° C until immediately before the 
experiment survived this and even low'er temperatures. Cockroaches from 
30° C became acclimatized to the conditions obtaining at 16° C within 
20 hr., and became almost as cold-resistant as others kept at 16° C for 
long periods. 
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These experiments (Table III) seem to indicate that once an inseot is 
acclimatized the temperature at which death occurs from freezing is fairly 
definite, and within limits its position is not greatly affected by the length 
of the exposure. Thus cockroaches from 16 ® C all survived either 1 or 9 lir. 
at — 6*6“ C, but only 1 hr. at — 8® C hilled most of the individuals. Death 
may also occur after prolonged exposure to tcmx>eratureH above zero 
(Uvarov 1931 ; Belehradek 1935). It appears likely that at a temperature 
where some insects from a higher temperature are in chill-coma and some 
from a lower are not, those that are not immobilized will survive longest. 
Cockroaches from 15 ® C certainly survived at temperatures between 2 and 
6® C for 3 weeks; none died out of forty individuals, and they were able 
to crawl during the whole exposure. Other cockroaches from 30 ® C showed 
some mortality when exposed to this temperature for only 6 days; two 
individuals out of eight never recovered when they were returned to a 
higher temperature. These numbers are much too small to determine the 
point with certainty, but they do suggest that the temperature where 
death occurs after long chilling (as opposed to freezing) may bo altered 
by previously keeping the insects at different temperatures. 

The threshold tbmpbratobb for spontaneous movements 

There is only one really satisfactory method of discovering the threshold 
temperature for spontaneous movement; that is by observing the behaviour 
of the insect under natural conditions in its normal habitat. Provided that 
the periodicity of the activity is undisturbed, and the temperature of the 
exact spot occupied by the insect is mcasui^^d, then observations over a 
period including all types of weather may give an accurate result. It is 
important to measure the temperature in the spot the insect occupied before- 
it began its activity — if it rests in a burrow the stimulating conditions 
must be those in the burrow and not those in the open outside, even if the 
insect is actually caught in the open. Both t/cmperature and humidity may 
be quite different in two places near to one another (see Buxton 1932; 
Mellanby 1933). 

The most satisfactory laboratory experiments were performed using 
the bed-bug. As this insect does not fly, and normally lives in crevices 
and restricted spaces, it is possible to produce conditions not grossly 
unnatural. Also recent work has shown that in a natural infestation 
activity occurs at deflnite times (Mellanby 1939), which suggests when 
observations should be made in the experiments. Finally, the bed-bug 
feeds infrequently, particularly at low temperatures, so that the insect is 
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likely to be in a similar physiological state at the beginning and end of an 
experiment. Insects which feed frequently are difficult to work with, as 
their state of hunger changes so rapidly and introduces further variables. 

The technique adopted was simple. Adult bugs were fed and kept until 
they reached the stage at which they are known to be most active in a 
natural infestation (see Mellanby 1939). The bugs were then placed in glass 
tubes containing crumpled blotting paper to a depth of 2 cm. The tubes 
were placed for several hours at the experimental temperature, and then 
two more pieces of folded paper were addcii, each filling the tube a further 
2 cm. If such a tube containing six bugs were left overnight at 23 *" C, in 
the morning the bugs would be found distributed over the three jriecos of 
paper. After a further 24 hr. they >^ould bo found to have again rearranged 
themselves. This method does not indicate whether a bug has moved and 
gone back to its original nesting ]»lat*e, but the clear-cut difference between 
the results obtained above and below the “threshold” temperature, and 
the fact that most of the activity was nocturnal (as in a natural infestation) 
suggests that this is a satisfactory method. It may sometimes cause 
movements to be missed, but any movement noted appears to be really 
spontaneous. The bugs were in the dark except for about 1 min. each 
inoniing and evening when they were examined; this brief illumination did 
not appear to disturb the insects. 

Experimental temperatures between 0 and 15 '^ wore obtained using 
the different chambers of a Wtlliams's incubator; the temperatures were 
not constant and fluctuated a few degrees depending on the outside con- 
ditions and the amount of ice in the apparatus, but they never fluctuated 
more than between two observations. Tubes were also placed in 
different positions in a refrigerator, where a similar range of temperatures 
was obtained. 

Several series of experiments were made, and their results may be stated 
simply. In one experiment, in which four tubes were examinexl twice a day 
for a month, no movements were noted below 1 1 C. Between 1 1 and 1 2° C 
movements were noted on 6 % of the occasions, between 12 and 13 ” C on 
46 %, and above 13 ° C on 80 % of the nights. In the other experiments 
very few movements were observed below 12° C, and above that tem- 
perature movements were frequent. Incidentally, care must be taken not 
to use very hungry bugs, as though these are never active at the lower 
temperatures they ap))ear to remain quite still even at higher temperatures 
except in the presence of food. This is presumably connected with the fact 
that such bugs, though able to survive for a long time in a state of inactivity, 
die soon after movement unless they are fed (Mellanby 1938). The various 
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experiments indicate that the threshold for apuntaneoua movement is in 
the region of 12® C. It was confirmed that bed-buga which never moved 
when kept for weeks between 6 and 10° C were able to crawl normally at 
that temperature if stimulated. 

No satisfactory experinionta were tlevised for the other inserts. In some 
cases (e.g. Rhodnius) insufficient was known about the natural behaviour. 
All these insects appeared to bo able to move when stimulated at tem- 
peratures several degrees below those at which they moved spontaneously, 
but it was not possible to show satisfactorily tliat under unnatural con- 
ditions the insects were not always moving below their true threshold 
temperatures for spontaneous movement. 

Some results obtained with the tsetse fly, Qlossina jmlpalis, may be 
mentioned here. The tsetse, like the bed-bug, feeds at intervals of several 
days, and so may be observed over periods of many hours without its 
hunger stage altering greatly. In the laboratory, in an experiment 
attempting to simulate natural conditions, the tsetse never flew to seek 
for food below 20® C, though it was able to fly at 14 ® C. Observations made 
in the field showed also that the insects never apt)eared until the tem- 
l)erature among the bush in wdiich they were lurking rose above 20® C, 

There is one interesting fact about these observations on the bed-bug 
and the tsetse. In the bed-bug the developmental zero is not much below 
I 3 ®C (Jones 1930; Mellariby 1935), though movements arc possible at 
much low'cr temperatures. With the tsetse also the developmental zero is 
not far from the threshold for spontaneous movements. The developmental 
zero for the larva of Lttcilia sericata is about 9 ® C (Cousin 1929), which is 
several degrees above the chill-coma temperature. From these observations 
I am inclined to suggest that though insects may be able to move at 
temperatures considerably below their developmental zero, they seldom 
do so spontaneously. There may perhaps be some physiological connexion 
between the two points, but it will require furtlier investigation before a 
definite connexion can be shown. 

The bate ok movement within the zone of normal activity 

In many cold-blooded animals the rate of movement often appears to 
be a measure of the rate of metabolism. At each particular temperature 
above the chill-coma point all healthy adult bugs move at aiiproximately 
the same speed, and within limits the higher the temperatuio the higher 
the speed. There are, of course, individual variations, and weak individuals 
move erratically, but on the whole the behaviour is very consistent. To 
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measure the speed of movement, the bugs were placed on blotting paper 
illuminated from above (within limits the intensity of illumination did not 
affect the insect's behaviour). The bugs always moved under these con- 
ditions, and the distance they traversed was indicated by following the 
insect with a pencil while the time W8ui recorded on a stop-watch. The 
average speed at 15” C was found to bo 59 cm./min., and at 25” C it was 
208 cm./min. The maximum speed of 266 cm./min. is reached at 32” C — 
above this temperature the bug may move very rapidly for a short distance, 
but crawling does not appear “normal”. If a bug is transferred from 30 to 
16” C for a few seconds it runs rapidly and erratically, and then it settles 
down to the characteristic speed for the new temperature. After being 
kept at 15° 0 for several hours, the bug’s speed is the same as after half 
a minute. Transference from 16 to 30° C gives a similar result. Provided 
that a bug has been kept above the chill-coma point and below any high 
temperature which would cause damage, the speed of movement (and 
probably the rate of metabolism also) reaches the equilibrium for that 
particular temperature very soon. In this, the bed-bug is behaving much 
as does a marine Amoeba (Pantin 1924). If, however, a bug in chill-coma 
is placed at a higher temperature, it may take a considerable time to 
recover at ail, and even longer before it runs at the normal s{)eed. Below 
10” C the speed depends on the temperature previously experienced. A bug 
from 15° C will run as fast as 10 cm./min. at 8° C, but one transferred to 
8 from 36° C will bo only just above its chill-coma temperature and will 
crawl very slowly indeed (under 2 cm./min.). 

Exposure to warm conditions for a long period may cause a bed-bug to 
exhaust its reserves, and then it may behave differently when transferred 
to another temperature compared with a bug from cooler conditions. But 
it will be the effects of hunger and not those of the change in temperature 
which are acting. Ifrovided the physiological hunger stage is the same, 
within the zone of normal activity the rate of movement at any particular 
temperature is nut altered by previous experiences. 


D1.SCCSSION 

The position of the chill-coma temperature has been shown not to be a 
fixed point, but to be altered by the temperature at which the insect has 
been previously kept. Bodenheimer and Klein (1930) found that the 
“biological zero for creeping” of the ant, Meeaor semirufus, in Palestine 
alters during the different seasons. It does not seem possible to correlate 
the changes with the temperatures measured (mean minimum temperature. 
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etc.), but it is quite possible that the conditions to which the insects were 
actually subjected just previous to the experiments may account for the 
differences, Other workers have found that the cliill-coma temperature for 
different animals (e.g. Coelenterates, Mayer 1914) is not always the same, 
but they have usually considered the alteration was seasonal or due to 
geographical causes, and have not realized that it might have been 
produced easily and rapidly in the laboratory. 

There has been much work on cold-hardiness in insects, and on their 
metabolism below zero (Payne 1926; Kalabuchov 1935; Kozhantshikov 
1938; Salt 1936, etc.). Payne has shown that certain oak-borer larvae 
(Synchroidae, Pyrochroidae, Elateridae, Cerambycidae) arc more hardy in 
winter than in summer. She has also shown that desiccation will lower 
the freezing point of insects. The present work is in agreement with that 
of most other workers, except that it now appears that the degree of cold- 
hardiness of an insect may be altered more rapidly and easily than was 
previously realized. 

The temperature under which an insect lives altera the position of the 
chill-coma temperature and the cold-death point, but I do not think that 
the threshold temperature for spontaneous movement is commonly 
affected. Acclimatization takes place too rapidly. At temperatures near 
the spontaneous movement threshold all the insects studied were almost 
completely acclimatized within 20 hr. ; at these temperatures metabolism 
is slow, and any differences during the period of acclimatization are unlikely 
to affect the economy of the animals. It appears probable that the thres- 
hold temperature for spontaneous movement will be the most constantly 
fixed point in the lower range of an iiwect’s experience. 

The physiological changes which accompany the alterations in chill-coma 
temperature, etc., are not understood; they will form the subject of future 
investigation. Some of the results fit in with Belehradek’s (1935) theory 
that the viscosity of the protoplasm may be altered, but the theory will 
require further modification to account for them all. 

In the laboratory, with insects kept under constant conditions, definite 
chill-coma temperatures and cold-death points can be found. In the field, 
where the temperature is all the time fluctuating, the position of these 
points will fluctuate also. When the day is warm, the insect will be moie 
easily immobilized by cold and more easily killed by freezing. When the 
day is cool, the reverse will be the case. Whether or not these changes will 
affect the economy of the species depends on the speed of acclimatization 
and the rapidity with which the temperature changes. 
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Summary 

1. The ‘'chill-coma temperature” for five species of insects belonging to 
three different orders was found to be considerably affected by the tem- 
perature at which they had been living. Individuals of the same species 
from warm conditions were immobilized at higher temperatures than those 
from cool. 

2. Acclimatization with respect to the chill-coma temperature usually 
occurred within 20 hr. 

3. When insects were cooled below the chill-coma temperature and then 
returned to warm conditions, the length of time taken to recover was 
longer the further the creatures were cooled below the chill -coma point. 

4. During chill-coma, insects from high temperatures did not become 
acclimatized to the low temperature. 

6. Insects of the same species from warm conditions were less cold- 
hardy, and more easily killed by exposure to conditions below zero, than 
those from cool. 

6. The threshold temperature fur spontaneous movements was usually 
several degrees higher than that at which movements were possible. There 
was some indication that the threshold is in the region of the developmental 
zero for the species. 

7. Within the zone of normal activity, when an insect was transferred 
from one temperature to another, its rate of movement quickly altered to 
that characteristic of the new temperature. It is' only outside the zone of 
normal activity that the rate of movement was greatly affected by the 
previous conditions. The rate of movement may be controlled directly by 
the rate of metabolism. 
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Introduction 

Sex -limited characters may be studied from three points of view in so far 
as the object of enquiry may be to ohicidato (a) the nature of the genetic 
difference involved, (b) the developmental process which eventually leads 
to somatic sex differences or to differences of behaviour, and (r) the way 
in which the genetic difference arises and is established as the basis of a 
secondary sexual difference in the course of evolution. 

This investigation deals chiefly with the first and third issues stated 
above. Three different types of genetic difference miglit be expected to 
give rise to sex-limited characters, and in fact all three have been found to 
exist. One occurs when genes whose effects arc incompletely donunant and 
additive are located on the X-chroiiiosome. This is the “dosage*’ effect 
described by Muller (1932). A second is the specific effect of F-borne genes 
illustrated by “bobbed” in Drosophila (Stern 1927). The third is when the 
sex-limited character depends directly or indirectly upon the genetic 

^ Camegio Teaching Fellow ia the University of Aberdeen. 
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difference which is also responsible for the primary distinction between the 
sexes, or is determined by a gene balance of the same general type. Some 
of the colour pattern genes in Lebiaiea are probably of this type (Winge 
1927). 

Sex-limited characters may arise by single gene mutations, by a series of 
gene mutations which reinforce one another, or by the addition or loss of 
chromosomes. Conceivably such differences may be established by two 
different types of genetic selection which Darwin distinguished as Natural 
Selection and Sexual Selection. The first possibility implies that the muta- 
tions which originally exhibited the sex-limited differences were conserved 
by virtue of greater individual^iness capable of being expressed in terms of 
viability and fertility. The second possibility implies a form of oBaorUUiw 
mating. In so far as sexual selection contributes to species characteristics 
which are not sox-limited it implies preference of similar phenotypes for 
one another. In so far as it contributes to secondaiy sexual characteristics 
of a species it implies preference of unlike phenot}^s for one another. The 
mathematical analysis of genetic selection has shown that the efficacy of 
both assortative mating and of natural selection depends on (a) the number 
of genes involved, and (6) whether the genes involved are autosomal, 
X-bome or F-bome. 

Greater fitness in the sense defined above may be conferred on both sexes 
by genes with an alternative somatic effect which is limited by the internal 
environment or by the gene complex characteristic of one or the other sex. 
Genes with alternative somatic effects might also accumulate by virtue of 
their specific effect on the viability of the female sex, if the same male may 
fertilize a large number of females, or if, as in some Arthropods, the female 
reproductive phase is relatively protracted and the contribution of the male 
is restricted to a relatively small fraction of her reproductive life. The 
production of secondary sexual characteristics by riatural selection can 
only be interpreted as an incidental consequence of alternative somatic 
effects of the same genes. Conversely, while sexual selection implies the 
pre-existence of other secondary sexual characteristics and may be instru- 
mental in producing new ones, it may have a far wider significance as a 
means of concentrating specific differences which are not sex -limited. 

The stage at which the differentiation of the sex-limited characters 
occurs has no relevance to a discussion of sexual selection except when, as 
happens in some crustacea, such differences only emerge after mating has 
taken place. On the other hand, the efficacy of natural selection will 
depend on whether differentiation occurs at an early or late stage in the 
development of the individual. Very early differentiation is consistent with 
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the intensive oonsequenoes of what Haldane (1924) oaSHa familial adectim. 
On the other hand, retardation of sexual differentiation till the onset of 
the sexually adult stage, as in mammak and birds, diminishes the intensity 
of natural Bisection, especially if the effective reproductive phase is 
relatively short. Clearly, sex-limited characters confined to the post adult 
phase (e.g. in Lemea) cannot be established by sexual selection alone. 

Till recently the importance of Darwin’s theory of sexual selection 
suffered an eclipse as a result of two sorts of criticisms to which it had been 
subjected. The first was a salutary reaction against gratuitous speculations 
unsupported by experimental evidence about the role of sexual preference 
in animal behaviour. With experimental technique it is now possible to 
study the role of sexual preference as an experimental issue, and the 
importance of sexual selection, or of other forms of assortative mating, as 
the means whereby specifio differences may be established now receives a 
more sympathetic hearing. The other objection was the difficulty of 
reconciling the operation of selection on one sox with the fact that in- 
heritance is common to both. This was duo to belief in blending inheritance. 
Modem knowledge of particulate inheritance shows that unisexual, though 
less intense than bisexual, selection, can lead to the same results in the 
end. 

Experimental analysis of the genetic basis of sex-limited characters and 
the effects of selection upon them has hitherto been obstructed by the 
circumstance that most known sex-limited characters are highly stable, 
and incipient characters which depend on the combined action of many 
genes are difficult to detect or to elucidate. 

This communication deals with a sex-limited character in Drosophila 
melaiwgaater. 


Matbrials and mbthod 

In the course of mapping new genes, detected by inbreeding, in D. melano- 
gaater, a Vple stock (black-purple-vestigial-arc-speck) was used as a 
second chromosome standard. In the segregating cultures a difference of 
palp coloration was observed. This was given the name “ Brown Palp ”. It 
was found to be limited to the female. High-grade BroAvn Palp females 
were selected as parents and the character reappeared only among their 
female offspring. 

The following matings were then made : (a) selected Brown Palp females 
were mated to males from the same culture (Brown Palp $x “Brown 
Palp” c^) ; (6) selected Brown Palp females were mated to males from an 
Oregon pure line (Brown Palp $ x Oregon ; (c) unselected males from the 
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Brown Palp stock were mated with Oregon females (Oregon $ x "Brown 
Palp ’’ (7). These results are given in Table I, which gives actual numbers 
and the numerical values of two ratios "p" and "e" corresponding 
respectively to the proportion of Brown Palp females in the total female 
population, and the proportion of high grade types in the Brown Palp 
class. The values of p and e fur the offspring of Brown Palp $x “Brown 
Palp” ^ are greater than the corresponding values for the offspring from 
the other crosses. At this stage we may interpret the differences recorded 
by saying that Oregon behaved as a “Non-Brown-Palp” stock and that 
Brown Palp is an incompletely dominant character. We shall see later that 
this statement needs to be qualified in the light of subsequent observations. 
The data also show that although Brown Palp is suppressed in the males, 
it can be transmitted by them to their offspring. The difference between 
the results from crosses Brown Palp $ x Oregon i and Oregon $ x Brown 
Palp d is probably due to the fact that the females were selected for Brown 
Palp &om a genetically mixed population, while the males were necessarily 
unselected. Subsequent experiments showed that males and females from 
genetically homogeneous Brown Palp stocks were equally eapable of trans- 
mitting the eharacter to their female offspring. 


Table 1. Matino between Beown Palp and Obbqon stocks 


Malets 


Ft^inalos 


Mating 

Non-Brown Non-Brown Brown Palp Brown Palp 
Palp Palp low grade high grade 

“p” 

“e” 

Brown Palp $ x 
“Brown Palp” 

23S 

(? 

A3 

117 

108 

0*78 

0-48 

Brown Palp ? x 
Oregon d 

214 

85 

95 

38 

0-01 

0-28 

Oregon 9 x 

216 

139 

86 

16 

0-42 

015 


‘Brown Palp” 

“p” (“ penetrance ”) = 


**e” (“oxprefiBivity”) = 


Total Brown Palp females 
All females 

High-grade Brown Palp females 


Total Brown Palp females 


(The terms “penetrance” and “expressivity” are strictly only applicable to 
homozygous stocks, but in this instance the calculation of p and e are analogous to 
the calculation of penetrance and expressivity vensu Btricio ) 


A preliminary experiment showed that an analysis of the genetic 
mechanism was possible. Before proceeding further a gene'tioally homo- 
geneous stook was established by about 40 generations of brother-sister 
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mating. Thereafter experimenta were undertaken (a) to elucidate the 
genetic nature of differences between females, (b) to explore the mechanism 
of suppression in the males. 


The analysis of differences between females 


In these experiments methods of scoring and culturing were refined, 
because the character was found to be more difficult to detect in older 
animals. Flies which were clearly classifiable as Brown Palp on emergence 
would be scarcely recognizable as such after the lapse of a few days. To 
eliminate errors arising from this age difference, care was taken to score all 
animals within 2 hr. of emergence. This was done by culturing the animals 
on Offermann’s dead yeast medium which ensures a burst of emergences 
10 da 3 rs after setting up. To concentrate attention on newly emerged flies 
the cultures were kept at about 4° C after emergence had started. In the 
mornings they were put into an incubator at 2fi° C and examined every 
2 hr. For reasons of personal convenience the interval between the 
beginning of emergence and transference to the lower temperature varied 
somewhat. Since the investigation involved discrimination of different 
grades the animals were very carefully orientated with regard to the source 
of illumination while they were scored. The females were divided into four 
classes. Oregon males were used as a standard for class 0, and females from 
the Brown Palp pure line for class 3. It is a matter of general experience 
that shade differences must be scored very rapidly, owing to fatigue. 
(k)ncentration on individual animals leads to blurring. Those flies which 
would normally pass as Non-Brown Palp, but which gave rise to doubts 
were placed in class 1. Animals definitely, but not maximally, Brown Palp 
were placed in class 2. There were frequent misgivings concerning the 
scoring, but the system led to consistent results. 

For each group of flies an index of phenotypic intensity based on the 
use of arbitrary weights for the several grades was calculated as follows; 
Let the number of flies in class 0 bo a, in class 1 be b, in class 2 be c, in 


class 3 be rf, the value of the index is then given by: 


6 + 2c -f- 3d 
u + 6 H" c -|- d . 


Its 


numerical limits are 0 and 3-0. Owing to visual fatigue the method outlined 
here is only applicable where there are sharp contrasts, i.e. in segregating 
cultures. For instance it is not possible to score the slight variations in the 
Oregon, Brown Palp and Star-Curly-Dichaeie (S/Cy, />/+) (vide infra) 
stocks or among offspring of Oregon by SjCy, /)/ + , even though the 
females were slightly darker than the males. Differences between indices 
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should be interpreted with caution, as a difference of say 0-6 at the level 0 
would be more difficult to establish than one at the level 2. Moreover, the 
same gene substitution may have a different quantitative effect at different 
levels. The results were not submitted to statistical analysis. In view of the 
arbitrary nature of the scoring, this would lead to a spurious appearance of 
an order of accuracy not justified by the material. 

The method of tracking down the effect of each chromosome was the 
one first developed by Altenburg and Muller (1920) in the analysis of 
‘‘Truncate'", and subsequently extended by the Morgan school to other 
characters. It consists essentially of crossing the stocks to be analysed to 
standard stocks whose cliromosomes are “marked” by carrying a dominant 
gene or by virtue of the sex of the individual parent. The method is illus- 
trated by the accompanying diagram which illustrates the Star-Curly- 
Dkhaete (SjCy, + ) x Brown Palp cross (fig. I ). The second chromosome 
markers are Star (A’), a roughened eye character, and Curly (Cy)y a tumed- 
up wing. The third chromosome is marked by only one cliaracter, Dichaete 
( 2 ?), shortened bristles and outstretched wings. The symbol E is used for 
chromosomes of 8tar-Ourly-Dichaete stock origin without the three marker 
genes, and is therefore applicable either to the X or to the third chromo- 
some which does not carry the Dichaete gene. The fourth chromosome 
has been ignored. The nomenclature adopted is stated in Table 11 . At this 


Stock 
SICy, Dl-h 

Brown Palp 

Orogon 


Tabi^k 11 
Males 

E S D 

Y Cy E 
Bp Bp Bp 

Y Bji ^ 
Or Or Or 

Y Or Or 


Females 
E ^ D 
E Cy E 
Bp Bp Bp 
Bp Bp Bp 
Or Or Or 
Or 0^ Or 


stage in the investigation there was no available evidence to show whether 
the Brown Palp effect is due to one or more genes on one and the same 
chromosome or to genes located on different chromosomes. The symbolism 
employed in Table II and fig. 1 is a deviation from the normal practice in 
Bn 

so far as the formula assigned to any one of the chromosome pairs of 

inbred Brown Palp stock signifies this fact alone, and should not be inter- 
preted to mean that the chromosome specified carries one or more specific 
genes which contribute to the observed character differences. In sab- 
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“Hi “M 

■HI -I* 







flG. 1. Schema showing crosses between Brown Palp stock, males and females and individuals from stocks heterozygous 
for the d ominan t gene Star^ Cwrly and Ifichfx^te, Since these genes are do minan t the phenotypes which cany them exhibit 
the mutant character. 
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sequent descriptions numerical symbols for the chromosomes of Drosophila 
will not be used. It will be understood that when comparing effects due to 
substituting Bp for 8, we are dealing with a second chromosome substitution , 
or that when comparing effects due to substituting Bp for D we are dealing 
with a third chromosome substitution. 


Consistency of hestilts 

Table III gives a comparison between flies of the same genetic constitu- 
tion. It is summarized from Tables Vl-XlII, which show that there is no 
overlap between groups a and b on the one hand, and groups c and d on 
the other. These roughly correspond to heterozygous and homozygous 
Brown Palp. It will be noted that after crosses with marker stocks “re- 
constituted” females w'ith the same chromosome make-up os the original 
Brown Palp stock yielded numerical values of 2-32-3-00 for the index of 

Tabt.e III 



Genotypes 

Table ref. no. 

Index 

(«) 

E 

Bp 

Bp 

Via 

1*96 


Or 

Or 

Or 

VI 6 

1-64 





Vlll 

200 

(6) 

Bp 

Bp 

Bp 

Xa 

1*84 


Or 

Or 

Or 

X6 

1*76 





XII 

1*88 

(c) 

E 

Bp 

Bp 

VIIo 

2-04 


Bp 

Bp 

Bp 

VTr6 

3-00 





IX 

2*62 

(d) 

Bp 

Bp 

?P 

XIa 

3*00 


Bp 

Bp 

Bp 

XT6 

2*76 





XITT • 

2-32 


phenotypic intensity. Though the numerical value of the phenotypic 
index for a homogeneous Brown Palp stock cannot be greater than 3-0, 
it is in fact difficult to assess how far short of this limit an estimate based 
on the method of scoring described might be. However, when sibs of 
segregating cultures are compared the difficulties described are avoided. 
In view of the difficulties of scoring most of the values obtained were as 
neur to the maximum as may be expected. The lowest values (2-52 and 
2*32) are from cultures listed in Tables IX and Xlll. They occur in 
segrogations which have low indices throughout. Possibly this was due to 
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environmental conditions such as variation of length of time in the 
incubator and ice box. It is also possible that a personal error crept in, 
because both the cultures were scored at a time when no other cultures were 
being similarly treated. 


ThR OENEnC BASIS OF DIFFERENCES BETWEEN FEMALES 
The initial crosses were 


(a) S/Cy, Dj-^- Brown Palp S 

IE S D Bp Bp Bp\ 
U Cy E ^ Y B^ Bp)' 

(b) S/Cy, D/+ <Jx Brown Palp ? 

(E ^ D Bp Bp Bj)\ 
\y Cy E ^ Bp Bp Bp)' 


The results from these two matings arc given in 'fables IV and V. There is 
no difference between the genetic constitution of the corresponding classes 
of female offspring. The genetic constitution of the males differs with 
respect to the A"-chromosome. Thus the Star Dichaete males from 'fable IV 


have the constitution 


E S D 
YBpBp^ 


and those from 'fable V The 

I Bp Bp 


males wore crossed to Brown Palp and to Oregon females. 


Brown Palp x Star Curly Star Curly x Brown 


Stock (J 

Dichaete 

(1), 

Dichaote 

0, 

Palp Stock $ 

1 

y 

1 

E 

1 

E 

1 

Y 

E 

Bp 

Bp 

Bp 

Males 

Females 

Males 


Flo. 2. To illustrate possible oxistenco of two relevant genotypic malo classes in 
reciprocal crosses, on tbo assumption that the .V-chromosotne contributes to the 
Brown Palp effect. 


Two advantages of using marker inales are: (a) the absence of crossing 
over^ (6) the possible (fig. 2) existence of two relevant genotypic classes of 
offspring. The Star Dichaete males from cultures listed in Table IV were 
crossed to Oregon and Brown Palp females (Tables Via, VI6 and Vila, 
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VII 6 respectively) . In an analogous experiment Curly Dichaete males were 
substituted for Star Dichaete males (Tables VlII and IX). The Star 
Dichaete males from cultures listed in Table V were crossed to Oregon and 
Brown Palp females (Tables Xo, Xb and XIo, X16 respectively), and 
again the Curly Dichaete males were substituted for the Star Dichaete 
males (Tables XII and Xlll). It should be noted that of the total of 2107 
males all were maximally pale. 

Table IV 
S/Cy, D/+JxBj) $ 






BSD Y 

Bp 

Bp 








E Cy E ^ Bp 

Bp 

Bp 




Females 

Genotype 

Phenotype 

0 

1 

2 

3 

Index 

(i) 

E 

Bp 

S 

Bp 

D 

Bp 

Star Dichaete 

8 

55 

22 

0 

M6 

(ii) 

E 

Bp 

S 

Bp 

E 

lip 

Star 

32 

52 

10 

0 

0*78 

(iii) 

E 

Bp 

Cy 

Bp 

D 

Bp 

Curly Dichaete 

46 

44 

2 

0 

0-62 

(iv) 

E 

Bp 

Bp 

E 

Bp 

Curly 

66 

47 

2 

0 

0-44 





Total females 

152 

198 

36 

0 

0-70 





Total naales 

f 

242 

0 

0 

0 

0-00 





Table V 










SjCy, DI+^xBp9 









E S D Bp ^ 

Bp 

Bp 








Y Cy E ^ Bp' 

Bp 

Bp 




Females 

Genotype 

Phenotype 

0 

1 

2 

3 

Index 

(i) 

E 

Bp 

s 

Bp 

D 

Bp 

Star Dichaeto 

13 

29 

12 

0 

0-98 

(ii) 

E 

Bp 

S 

Bp 

E 

Bp 

Star 

16 

33 

12 

0 

0-93 

(iii) 

E 

Cy 

Bp 

D 

Bp 

Curly Dichaete 

18 

22 

0 

0 

0-55 

(iv) 

E 

Bp 

Bp 

E 

Bp 

Curly 

30 

15 

0 

0 

0-33 





Total females 

77 

90 

24 

0 

073 





Total males 

133 

0 

0 

0 

0-00 
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Table VI 

Y ^ D Or Or Or 

E Bp Bp Or Or Or 

(a) 


Femalea 

Genotype 

Phenotype 

0 

1 

2 

3 

Index 

(i) 

B 

Or 

S 

Or 

D 

d~r 

Star DichaeUf 

37 

12 

3 

0 

035 

(«) 

E 

Or 

S 

Or 

Bp 

dr 

Star 

1 

8 

45 

u 

205 

(Hi) 

E 

Or 

Bp 

dr 

D 

d'r 

Dichaeto 

46 

14 

3 

0 

0-33 

(iv) 

E 

dr 

Bp 

Or 

Bp 

Or 

Non-Star 

Non-Dichacte 

0 

11 

35 

9 

1-96 





Total females 

R4 

45 

86 

23 

1-20 





Total males 

208 

0 

0 

0 

000 

(0 

E 

Or 

S 

Or 

D 

Or 

(6) 

Star Dicliaete 

37 

36 

7 

0 

0-63 

(H) 

E 

Or 

S 

dr 

Bp 

Or 

Star 

1 

13 

50 

7 

1-86 

(Hi) 

E 

Or 

Bp 

dr 

D 

dr 

Dichaeto 

39 

22 

1 

0 

039 

(Iv) 

E 

Or 

Bp 

di^ 

Bp 

Or 

Non-Star 

Non-Dichaete 

2 

26 

30 

5 

1-64 





Total females 

79 

97 

94 

12 

M4 





Total males 

258 

0 

0 

0 

0*00 





Table VII 









Y S D Bp 

Bp 

Bp 








E Bp Bp Bp 

Bp 

Bp 








(a) 






Females 

Genotype 

Phenotype 

0 

1 

2 

3 

lYidox 

(i) 

E 

Bp 

s 

Bp 

D 

Bp 

Star Dichaeto 

4 

9 

4 

0 

100 

(H) 

E 

Bp 

S 

Bp 

Bp 

Bp 

Star 

0 

0 

0 

15 

3*00 

(Hi) 

E 

Bp 

Bp 

Bp 

D 

Bh 

Dichaeie 

4 

3 

4 

1 

117 

(iv) 

E 

Bp 

Bp 

Bp 

Bp 

Bp 

Non-Star 

Non-Dichaete 

0 

0 

1 

16 

2-94 





Total females 

8 

12 

9 

32 

203 





Total males 

89 

0 

0 

0 

000 


Vd. CXXVII. B 
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TabIiE VII {continued) 

(fc) 


Females 

Genotype 

Phenotype 

0 

1 

2 

3 

Index 

(i) 

E 

Bp 

8 D 
Bp Bp 

Star Dichaete 

12 

15 

10 

2 

1*05 

(ii) 

E 

Bp 

S Bp 
Bp Bp 

Star 

0 

0 

3 

30 

2*01 

(iu) 

E 

Bp 

Bp D 
Bp Bp 

Dichaete 

7 

0 

7 

0 

100 

(iv) 

E 

Bp 

Bp Bp 
Bp Bp 

Non-Star 

Non-Dichaote 

0 

0 

1 

30 

3*00 




Total females 

19 

24 

21 

62 

200 




Total males 

00 

0 

0 

0 

0*00 




Table VIII 









Y Cy D Or 

Or 

Or 







E Bp Bp Or 

dr 

Or 




Females 

Genotype 

Phenotype 

0 

1 

2 

3 

Index 

(i) 

E 

Or 

Cy D 

Or Or 

Curly Dichaete 

64 

1 

0 

% 

0 

002 

(ii) 

E 

Or 

Cy Bp 
Or dr 

Curly 

8 

21 

17 

0 

1*20 

(iu) 

E 

Or 

Bp D* 
dr Or 

Dichaete 

21 

17 

0 

0 

0*45 

(iv) 

E 

dr 

Bp Bp 
Or dr 

Non-Curly 

Non-Dichaete 

1 

9 

34 

10 

2*00 




Total females 

94 

48 

51 

10 

0*89 




Total males 

110 

0 

0 

0 

0*00 




Table IX 









Y Cy D Bp 

Bp 

Bp 







E Bp Bp ^ Bp 

Bp 

Bp 




Females 

Genotype 

Plienotype 

0 

1 

2 

3 

Index 

(i) 

E 

Bp 

Cy D 
Bp Bp 

Curly Dichaete 

66 

4 

0 

0 

0*05 

(ii) 

E 

Bp 

Cy Bp 
Bp Bp 

Curly 

6 

27 

10 

0 

1*07 

(iu) 

E 

Bp 

Bp D 
Bp Bp 

Dichaete 

21 

47 

11 

0 

0*87 

(iv) 

E 

Bp 

Bp Bp 
Bp Bp 

Non-Curly 

Non-Dichaete 

0 

2 

18 

26 

2*52 




Total females 

03 

80 

30 

21 

0*95 




Total males 

113 

0 

0 

0 

0*00 
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Tablb X 

— ^ Or ^ Or 

Bp Bp Bp ^ Or Or Or 

(a) 


Fomales 

Genotype^ 

Phonotypo 

0 

1 

2 

3 

Index 

(i) 

Sp 

Wr 

U 

Or 

Star Diohaato 

30 

22 

1 

0 

0-39 

(ii) 

Bp 

Or 

S 

Or 

Bp 

Or 

Star 

0 

6 

43 

12 

210 

(ui) 

Bp 

Or 

Bp 

Or 

I) 

Or 

Dichoeto 

37 

19 

0 

0 

0-34 

(iv) 

Bp 

Bp 

Bp 

Nori'Star 

0 

14 

45 

4 

1-84 

Or 

Or 

Or 

Non-Dichaete 







Total foinales 

76 

61 

89 

16 

M8 





Total males 

212 

0 

0 

0 

000 


Bp 

Or 

B 

Or 

D 

Or 

(6) 






(i) 

Star Dichaote 

29 

32 

U 

0 

0-76 

(ii) 

Bp 

S 

Bp 

Star 

0 

14 

67 

10 

206 

Or 

Or 

Or 





(iii) 

Bp 

Or 

Bp 

Or 

D 

Or 

Dichaete 

35 

34 

7 

0 

0-63 

(iv) 

Bp 

Bp 

Bp 

Non-Star 


20 

44 

A 

1-76 

Or 

Or 

Or 

Non-Dichaeto 

u 






Total females 

64 

100 

119 

23 

1-33 





Total males 

252 

0 

0 

0 

0-00 





Table XI 









Y 

S D Bp 

Bp 

Bp 







Bp 



Bp Bp Bp 

Bp 

Bp 








(a) 






Females 

Gonotype 

Fhenoty|ie 

0 

1 

2 

3 

Index 

(i) 

Bp 


D 

Star Dichaoto 

a 

14 

14 

0 

M7 

Bp 

Bp 

Bp 







(ii) 

Bp 

S 


Star 

0 

0 

0 

34 

3-00 

Bp 

Bp 

Bp 






(iii) 

Bp 

Bp 

D 

Dichaete 

7 

23 

7 

0 

1 00 

Bp 

Bp 

Bp 






(iv) 

Bp 

?p 

Bp 

Non-Star 

0 

0 

0 

29 

3-00 

Bp 

Bp 

Bp 

Non-Dichaete 










Total females 

15 

37 

21 

63 

1-97 





Total males 

169 

0 

0 

0 

000 
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Table XI {continued) 






w 






Femttlea 

Genotype 

Phenotyfie 


0 

1 

2 

3 

(i) 

up 

Bp 

a 

Bp 

u 

Bp 

tStar Dichaeto 


5 

16 

22 

2 

(ii) 

Bp 

Bp 

B 

Bp 

Bp 

Bp 

Star 


0 

0 

7 

29 

’ (lit) 

Bp 

Bp 

Bp 

Bp 

D 

Bp 

Dichaeto 


10 

15 

16 

0 

(iv) 

Bp 

Bp 

Bp 

iip 

Bp 

Bp 

Non-Star 

Non-Dichiieto 


0 

0 

6 

16 





Total females 


15 

30 

49 

47 





Total males 


97 

0 

0 

0 





Table XU 









Y Cy D 

Or 

Or 

Or 







Up Bp Bp ^ 

Or 

Or 

Or 



FomalcH 

Genotype 

Phenotype 


0 

1 

2 

3 

(i) 

Bp 

Or 

Or 

D 

Or 

Curly Dichaete 


44 

1 

0 

0 

(ii) 

Bp 

Or 

Cy 

Or 

Bp 

Of 

Curly 


8 

16 

8 

0 

(111) 

Bp 

Or 

Bp 

Or 

I) 

(Tr 

Dichaeto 


17 

20 

2 

0 

(iv) 

Bp 

Or 

Bp 

dr 

Or 

Non -Curly 

Non -Dichaete 


0 

13 

46 

6 





Total females 


69 

49 

66 

6 





Total males 



— 

— 

— 





Table Xlli 








y Cy D 

Bp 

Bp 

Bp 







Bp Bp Bp 

Bp 

Bp 

Bp 



FemcJes 

Genotype 

Phenotype 


0 

1 

2 

3 

(i) 

Bp 

Bp 

cy 

Bp 

D 

Bp 

Curly Dichaete 


30 

6 

0 

0 

(ii) 

Bp 

Bp 

Bp 

Bp 

Bp 

Curly 


8 

23 

4 

0 

(iii) 

Bjp 

Bp 

Bp 

D 

Bp 

Dichaeto 


11 

22 

10 

0 

(IV) 

Bp 

Bp 

Bp 

Bp 

Bp 

Bp 

Nori-Curly 

Non-Dichoeto 


1 

3 

26 

21 





Total females 


66 

53 

39 

21 





Total males 


— 



— 

- ■ 


Index 

1- 48 

2- 81 
112 

2-70 

1-81 

0-00 

Index 

0-02 

100 

0-62 

1-88 

0-93 

Index 

012 

0*80 

0-98 

2-32 

M6 
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Effect of the X-chromosome 

Hitherto no evidence haa been submitted to show whether the gene or 
genes which contribute to the Brown Palp effect are located on one or more 
chromosomes, and from what has gone before we cannot infer that any 
particular chromosome carries such genes. As already stated the symbol 
Bp/Y does not signify that the A'-chromosome makes a specific contribu- 
tion to the effect. It merely labels the origin of this chromosome from a 
genetically homogeneous stock for the Bp chromosome. The experimental 
evidence embodied in the foregoing (Tables Vl-XlLi) will now bo examined 
to decide whether the 2C-chromosome makes any specific contribution to 
the Brown Palp effect. We have seen that the males from cultures listed in 
Table IV differ from those listed in Table V, with respect to their A-chromo- 
some. Hence their female offspring will show whether the substitution of 
E for its allelomorph on an A-chromosome derived from Brown Palp 
stock has any effect on the palp coloration. To avoid periphrasis we shall 
refer to this henceforth as the substitution of E for "Bp”. Let us for 
example compare the females which segregated from the cultures respec- 
tively listed in Tables VI and X. The female parents of each w'ere of Oregon 
stock. The males are phenotypically alike, namely Star-Dichaete, and 
differ with respect to the A-chromosome. 'i'he male parent in Table VI 

Table XIV 

Relation of Table 

Type of cross X-chromosomos rof, no. Index Remarks 

Star Dichaete x Oregon E Via 1*20 Bp > E 

Or VI6 M4 

Bp Xtt M8 

Or X6 1*33 

Star Dichaete x Brown Palp E Vila 2*03 Bp<E 

Bfi V1I6 2*00 

Bp XIo 1*97 

Bp Xlh 1-91 

Curly Dichaete x Oregon E VIII 0-89 Bp > E 

Or 

• Bp XIT 0*93 

d7 

Curly Dichaete x Brown Palp E IX 0*95 Bp > E 

Bp 

Bp 


XIII 


1-15 
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has an E X-chromosome, and the male parent in Table X has the Bp X- 
chromosome. With respect to the marker genes the phenotypic female 
offspring are alike. They differ genetically only in so far as their X-chromo- 
somos are derived from different sources. For this reason the phenotypic 
index based on the totals for the two classes of female offspring gives us a 
means of estimating any significant contribution of X-bome genes. 
Similar comparisons may be based on Tables VII and XI, VIII and XII or 
IX and XIII. The indices for corresponding pairs are summarized in 
Table XIV. It will be seen that Bp is on(« less than E and three times 
greater than X. The maximum difference, M6 -0-96 s 0*20, is surpris- 
ingly small. Thus there is no clear evidence for any marked differences 
between the effects of the X-chroraosomes, though it does not follow that 
all X-chromosomes have no effect on palp coloration. 


Effect of the autosombs 


Since we have already shown that the X-chromosome has no decisive 
effect it will be ignored in future discussion of results and the autosomes 
only will be specified. Hitherto we had assumed that genes which promote 
the expression of the Brown Palp character were only present in chromo- 
somes derived from the Brown Palp stocks. An examination of Tables IV 
and V shows that the effect of substituting an S for a Cy second chromosome 
is to raise the Brown Palp index quite considerably. For example female 


S D 

offspring with the constitution ^i^d female offspring with the 

constitution (Table IV (i) and (iii)) respectively yielded indices 

1*16 and 0*52. This difference is representative of three other corre- 
sponding pairs recorded in Tables IV mid V. This would imply that 
Brown Palp genes were present in the 8j€y, Dj+ stock and that the 
iS-chromosome carries more Brown Palp genes than the Cy-chromosome. 
A similar but less marked effect is produced by the substitution of D fur E. 
Thus we may also say that the third chromosome of S/Cy, D/ + carried 
Brown Palp genes and that more Brown Palp genes are associated with the 
Dichaete gene than with its allelomorphs in these cultures. Comparisons 
which exhibit the effects of substituting second or third chromosomes of 
Brown Palp stock for corresponding chromosomes from the marker genes 
can also be extracted from the foregoing Tables. The relevuit data for the 
substitution Bp for Cy are contained in Tables VIII, IX, XII and XIII, 
which show that it raises the index for all third chromosome groupings. 
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The minimum change in index is 0*45 — 0-02 » 0-43 (Table VIII) and the 
maximum change is 2-32 - 0*89 = 1-43 (Table XIII). As we have already 
seen the absolute values must be treated with caution, but we can say that 
the substitution of Bp for Cy always raises the index, and is always con- 
siderable in effect, ijimilarly, the effect of substituting Bp for S can be seen 
from Tables VI, VII, X and XI. In sixteen substitutions of Bp by 8 
the index is raised thirteen times, lowered twice and on one occasion has 
no effect. This surprising result can only mean that the second chromosomes 
of the 8/Cy, Dj + stock with the marker gene Star makes at least as 
powerful a contribution to the Brown Palp effect as the second chromosome 
of the Brown Palp stock. The minimum difference is 3-00 — 3-00 = 0, and 
the maximum difference is 1*48— 1-12 = 0-36, both from Table XL On the 
other hand a second chromosome from SjCy, Z)/-|- stock with the marker 
gene Curly makes a much less potent contribution to the Brown Palp 
character than a second chromosome from Brown Palp stock. The differ- 
ence between Bp and Cy is therefore quite definite, whereas the difference 
between 8 and Bp may quite well be due to experimental error. 

We now examine the third chromosome substitutions. Substituting Bp 
for D raises the index on all twenty-four occasions (Tables VII-XIII). 
The minimum is 0-89-0-12 = 0-77 from Table XIII, and the maximum is 
3-00— 1-00 = 2-00 from Tables Vila and XI a. Thus we can also say that a 
third chromosome derived from Brown Palp stock is more effective in 
pn)tnoting the exhibition of the sex-limited character than is a third 
chromosome of Star-(\irly-Dichaoto stock with the marker gene Dichaete. 

Results of the comparison of sibs thus show: 

8— >Bp^Cy for the second chromosome. 

Bpi>I)>E for the third chromosome. 

So far the effects of Oregon autosomes have not been discussed. They 
have been used as a background against which the others may be discussed. 
Previous deductions have been made from an internal analysis of each table, 
i.e. by the comparison of sibs. In further analysis two important difficulties 
must be pointed out. The first is that comparisons must be made between 
(as opposed to within) segregating groups. The seC/ond is failure to obtain 
figures for certain types. Very early in the investigation a differtmoe 
between the male and female palp coloration was noticed in idmost all 
stocks. The palp coloration of the female was slightly darker than that of 
the male with the notable exception of the D ///Payne stock in which both 
males and females were dark. So slight was the difference in most stocks 
that independent confirmation was necessary in order to settle whether 
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there had been a real difference or merely a subjective expectation. In a 
few experiments colleagues were asked to select the darker of pairs of 
flies in which the heads only were visible. This invariably led to the 
selection of the females. Independent confirmation for the existence of an 
incipient palp colour difference in Non-Brown Palp stocks came later, when 
it was found that the S and X) chromosomes were found to have more effect 
than the Cy and E chromosomes. This could account for the differences 
observed in the S/Cy, Dj + stock. It is probable that chromosomes of the 
same strength with regard to Brown Palp genes as Cy and E, if associated 
with the latter, would give a female palp coloration indistinguishable from 
that of the males. It was not, however, possible to obtain a comparable 
figure for the SjCy, Dj + stock owing to lack of contrast. The same difficulty 
was encountered in dealing with the Oregon stock, and to a less extent with 
the offspring of S/Cy, DI+ and Oregon matings. Thus the indices for 
Or(^ ^ E Cy D Cy E 

Cy E' Or Or' Or Or' Or Or' Or Or' Or Or' 
four latter might have been possible with elaborate counterohecking. 
However, this was not undertaken, because initial experiments had failed 
to give contrasts that could be scored. The phenotypic index values were, 
however, certainly greater than zero. In what now follows, comparisons 
moat therefore be treated with considerable reserve, and deductions are not 
as reliable as those based on comparison of sibs. 


- wore not available, although the 


Tablx XV 


Or Or 

Table Gy D 

Table Gy E 

Table 

S D 

Table 

S E 

Table Bp Bp Table 

Bp Bp 

no. Bp Bp 

no. 

Bp Bp 

no. 

Bp Bp 

no. 

Bp Bp 

no. 

Bp Bp 

no. 

1*06 

VI 0-62 

IV 

0*44 

IV 

1*16 

TV 

0-78 

IV 

2-94 

VII 

1-64 

VI 0-65 

V 

0*33 

V 

0*98 

V 

0*93 

V 

3-00 

VII 

2*00 

VIII 








2-52 

IX 

1*84 

X 








3-00 

XI 

1*76 

X 








2-70 

XI 

1*88 

XII 








2*32 

XIII 


We cannot compare the effect of each Oregon autosome with its comple- 
ment. We can, however, compare the effects of the two jointly with a 
number of alternative combinations. The relevant data are summarized 
in Table XV. We see that against a background of Brown Palp autosomes, 
the two Oregon autosomes are more effective than Gy + D, Cy-^-E, S+D, 
S+B but less effective than the two Brown Palp autosomes. Since we 
already know that 8= >Sp^Cy, that Bpt>D> E, and that the index of 
the Oregon stock is greater than 0, then iS ■■ >Bp>Or>CyeaidBp>Or>E, 
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if the two Oregon autosomes were equal in effect and of about the same order 
as Dichaete. Initial experiments on crossing high-grade Brown Palp stocks 
with flies from stocks in which a pronounced effect was not easily recogniz- 
able suggested that the difference was due to a combination of dominant 
genes. The subsequent discovery of Brown Palp genes in particular auto- 
somes of other stocks showed that this surmise was not correct, and that 
dominance effects, if any, are slight. 


The suppression of the character in the male 

The problem that now arises is whether the absence of effect in the males 
is due to the direct effect of the Y -chromosome or whether it depends on 
the general relation between autosomal genes and female-determining 
genes of the -chromosomes. This can be decided in two ways; (a) an 
examination of XO males and normal females in a “reconstituted” Brown 
Palp strain, (b) an examination of XX Y females in a “reconstituted” 
Brown Palp strain. 

The XO nuUee 

L. V. Morgan (1933) has shown that there is about 20% primary non- 
disjunction in stocks in which the .^-chromosome is ring-like. The gene for 
Ruby is on the JT-chromosome. Thus if Ruby females in a ring X stock are 
crossed with a male of Brown Palp stock we get the following: 

„ OrbNN ^ Bp Bp Bp ^ 

(irt JV iV * Y Bp Bp ^ 

Kuby female “Brown Palp” male 

Bp N N 

^ Bp Bp Bp Y Bp Bp Y Bp Bp 

Non-Kuby Ruby males Non-Ruby males 

females (normal 80%) (iioti-disj unction 20%) 


The I\ females were mildly Brown Palp. On mating these females with 
the Fi Ruby males we then get: 


F, 


Females --j 




2 ^ 


Ruby Non -Ruby 

Of the Ruby females 1 / 1 6 th will have the autosomc constitution 

If we select maximally dark brown palp Ruby females and cross them with 
“Brown Palp” males, we get a repetition of the Pi cross except in so far 
as the autosomes are now from Brown Palp stock. The non-disjunction XO 
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males will be “reconstituted” “Brown Palp” XO males. About 260 of 
such Non-Ruby males were examined, and all were found to be maximally 
pale. Thus the absence of the Y-chromosome did not result in the appear- 
ance of Brown Palp males. 

The XX ¥ females 

L. V. Morgan ( 1922 ) showed that when two X-chromosomes are attached 
X-bome characters can be inherited matrilineally and patrilineally. The 
females in such crosses ore XX Y. These females get their XX from their 
mother and the Y from the father, while the male offspring get the X from 
the father and the Y from the mother. An XX Y stock carrying “Forked” 
on the X-chromosome was found to be Non-Brown Palp. Females from this 
stock were crossed with “Brown Palp” males. 



Bp Bp Bp 

* Y NN^ 

^ Y Bp 

Forked 

“Brown palp** 


, Bp N N ^ 

anil — - — “ 

* Y Bp Bp ^ 

Y Bp Bp 

Forked females 

Non-Forkod males 


Those Forked females were again crossed with “Brown Palp” males. 
In the F. I /4th of the Forked females will have ^ autosomes. Selecting 

Bp Jjp 

for maximally dark palpu, these autosomes will be selected. A “reconsti- 
tuted” Brown Palp XX Y stock indistinguishable with regard to palp 
coloration from the pure line was derived after 4 generations. This result 
confirms the conclusion established by the examination of XO males. The 
presence of the Y in XX Y females does not suppress the character. 

Relation of suppression to the XjA balance 

It now seems clear that genes for Brown Palp situated on the autosomes 
can only be effective when the animal is a female. Exhibition depends on 
the same typo of balance that determines female sexuality and depends 
on the equivalent of the hormone balance. The details of this could be 
elucidated by an examination of intersexes and gynandromorphs in a 
Brown Palp stock. It is not possible to obtain gynandromorphs in experi- 
mental numbers, but the production of inteisexes (2X/3A) is comparatively 
simple (Bridges 1921 ). Triploid females were crossed to males from the 
Brown Palp stock, and the offspring scored for Brown Palp. In their turn 
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the triploid female offspring were crossed to '‘Brown Palp” males and so 
on to the fifth generation. Owing to the inviability and infertility of the 
triploid Brown Palp females the experiment was brought to an end before 
a maximally Broum Palp triploid strain had been obtained. The figures 
(Table XVI) show that all the intersexes had the male palp coloration. 

Tablk XVI 


Triploid fomaleM Diploid fomales IiiterHexoH 


Generation 

Brown 

Non-Brown 

Brown 

Non- Brown 

Brown 

Non-Brown 

of cross 

Palp 

Palp 

Palp 

Palp 

Palp 

Palp 

1 

0 

4 

42 

38 

0 

43 

2 

6 

7 

90 

54 

0 

24 

3 

22 

15 

259 

102 

0 

82 

4 

3 

8 

107 

14 

0 

19 

5 

14 

1 

170 

16 

0 

39 


That Brown Palps are commoner among diploid females than among 
triploid females, especially in the earlier generations, is presumably due to 
the fact that the ratio of chromosomes from the Brown Palp stock to those 
from the original triploid stock is greater among the early diploids than 
among the early triploids. This difference of course declines as a triploid 
brown palp strain becomes established. It is well known that triploid 
intersexes have male sex-combs. Recent work on the localization of sex 
factors (Dobzhansky and Schultz 1934 and others) has led to the production 
of animals which have m XjA ratio between 0-66, the value for intersexes, 
and 1-00 for females. When the ratio nearly approaches 1 the sex-combs 
disappear and evidence of fertility in the now almost completely female 
type makes its appearance. In such studies on polyploid stocks the ratio 
of X- borne genes to genes carried by autosomes is considered without 
regard to their qualitative characteristics. In reality we have no reason 
for supposing that all the genes on the X-chromosome are relevant to the 
primary distinction between the sexes. It would be of considerable interest 
to find out whether the exhibition of Brown Palp depen<lH upon the same 
genes as sex in general and, if so, at what stage in the disappearance of the 
sex-oombs or the assumption of fertility Brown Palp also makes its 
appearance. Since fertility tests are somewhat laborious, it is possible that 
palp coloration might be used with advantage as an index of femaleness in 
studies on the localization of sex factors. 
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* Discussion 

We have already seen that differences of palp coloration between females 
are fairly widespread. Hence we may regard Brown Palp as an incipient 
secondary sexual characteristic of the species. Mr J. E. Collins of New- 
market informs me that palp coloration is a sixicific characteristic of some 
value in the classification of Diptera, and that it occasionally occurs as a 
secondary sexual difference characteristic of a particular species. 

Brown Palp provides an example of an incipient secondary sexual 
characteristic without any known utility as a mark of sex recognition. 
Therefore we cannot as yet assume that it would be conserved by sexual 
preference. Should Brown Palp genes become irreversibly associated with 
high viability or fertility genes by means of an inversion, it could become 
established as a secondary sexual characteristic without the operation of 
sexual selection, it is not unlikely that a number of secondary sexual 
characteristics, such as that of the dogfish described by Brough (1937), 
became established in such a manner. If, on the other hand, palp colora- 
tion differences affect the mating preference of the male it might become a 
secondary sexual characteristic by a process of sexual selection. Probably 
the main agency in the evolution of the general physiological balance 
associated with sexual reproduction is the efficiency of the reproductive 
process itself. In so far as somatic differences are directly (or indirectly) an 
incidental by-product of the gene balance which determines the manifesta- 
tion of the primary sex difference, the evolution of secondary sexual 
characteristics calls for no other explanation. Up to a point the conservation 
of sex-limited differences might even progress in spite of opposition arising 
from sexual preference. On the other hand, if a sexual preference in favour 
of assortative mating between dissimilar phenotypes arose at any stage in 
the emergence of a sex-limited character, it would greatly reinforce the 
type of natural selection already initiated. 

In the evolution of secondary sexual characteristics depending on the 
type of gene balance demonstrated in the foregoing analysis of Brown 
Palp, it is highly unlikely that sexual preference would play any part at the 
beginning. On the other hand, it is not suggested that sex -limited differ- 
ences can only arise in this way. In the introduction it has already been 
pointed out that there are two other possibilities, and we cannot therefore 
dismiss the sudden emergence of a clear-out sex-limited character through 
the action of single dominant F-bome genes, through the action of single 
dominant X-bome genes, or through non-disjunction and analogous 
phenomena. Should the character thus appear, sexual selection might be 
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the main agency by which it fint became concentrated and was eventually 
established as a species characteristic. The relative importance of sexual 
selection and natural selection as means of establishing secondary sexual 
characters is therefore pre-determined by the genetic basis of a sex-limited 
character. 

We are indebted to Professor J. B. S. Haldane, to Professor Lancelot 
Hogben, and to Dr H. J. Muller for criticism and advice. The investigation 
was completed with the aid of a grant from the Carnegie Trust for the 
Scottish Universities. 

Summary 

1 . By selection and inbreeding of Drosophila mdanogaster, a sex-limited 
palp coloration difToren(;e confined to the female can be established. Palps 
of females belonging to such stocks are dark brown in contradistinction to 
the pale palps of the male. Both sexes transmit the genetic basis of the 
character. 

2. In normal stocks of which the palp coloration of the female is relatively 
pale, there is a detectable difference between the colour of the female palp 
and that of the male. We may therefore regard palp coloration as an 
incipient secondary sexual characteristic throughout the s])ecies. 

3. For the analysis of its genetic basis a phenotypic index based on 
arbitrary numerical symbols for different grades of intensity has been used 
in this investigation. 

4. By a modification of the technique of “marked” chromosomes the 
contribution of individual chromosomes can be investigated. Brown Palp 
stocks have been crossed with S/Cy, D/ -f and with Oregon wild type. 

5. The result of such matings shows that genes which contribute to the 
Brown Palp effect are not appreciably represented in the X-chromosomes 
of any of the stocks examined. They are to be found on both the second and 
the third chromosomes, and to be equally concentrated on the second 
chromosome of Brown Palp or other chromosomes. 

6. The absence of the y-chromosome in XO males did not result in the 
appearance of Brown Palp. The presence of a y-chromosome in XX Y 
females did not result in the suppression of the character. Hence the 
y-chromosome does not contribute to the suppression of the character 
in the male. 

7. Triploid stocks with autosomes predominantly from the Brown Palp 
stock were established. Triploid intersexes obtained {2XISA) were maxi- 
mally pale, i.e. male in type. It is suggested that palp coloration might 
be used as an index of femaleness for the localization of sex factors. 
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8. The relative importance of Natund Selection and of Sexual Selection 
in establishing secondary sexual characteristics is discussed in relation to 
the genetic basis of Brown Palp and to other genetic types of sex-limited 
characters. 
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Spontaneous rhythmical impedance changes 
in the trout’s egg 

By M. j. Hubbard and Lord Rothschild 
Communicated by J. Gray, F.R.S. 

Introduction 

The phenomena recorded in this paper were discovered by accident. 
During experiments on the impedance of trout’s eggs, it was found that 
under certain conditions the impedance varied in a rhythmical manner. This 
proved to be a property of live eggs and not of dead eggs and to be inde- 
pendent of the apparatus. The effect therefore was systematically examined. 

Before discussing this effect, some analysis or definition of the electrical 
term impedance with respect to biological systems is desirable. The im- 
pedance Z of any system is its resistance to the passage of an alternating 
electrical current. If the current is direct, the impedance is replaced by 
the resistance which is related to the impressed electric current by the 
relationship 



where S = resistance, E = voltage, and I = current. 


( 1 ) 
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If, however, the source of electric current is alternating, e.g. of the form 
/a/^sinarf, where oi^2nxv (frequency) and /o=the amplitude of the 
wave, the impedance of the system not only includes the resistance but 
also the oapadtanoe C. (Inductances need not at present be considered 
in biological systems.) If the system consists of a resistance and a capaci- 
tance in series (see fig. la), the impedance is given by the expression 




or, in complex notation, Z' - (3) 

where 

If the system consists of a resistance and a capacitance in parallel (see 
hg. 1 b) the impedance is given by the expression 


- iTraCR' 

The impedance of a more complicated combination of resistances and 
capacitances (see fig. 7) can be expressed by a similar but more com- 
plicated relationship. 


Fio. 1. a. Resistance and capacitance in series; 6, resistance and capacitance 

in parallel. 

In this paper we are concerned with changes of impedance in biological 
systems which do not consist of the wireless components shown in fig. 1. 
A change in resistance in such a system can be considered as a change in 
the ability of ions to pass through the protoplasmic surface ; such a change 
could result from the partial occlusion or expansion of pores. A change in 
capacitance could be caused by the thickening or thinning of the proto- 
plasmic membrane, as 


( 0 ) 
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where i>sdielectric oonstant of the medium between the "plates” of the 
condenser, A * area of one of the plates, and r ■* distance apart of the plates. 

From equation (6) it is evident that a change in dielectric constant will 
cause a change in capacitance equally well. A change in dielectric constant 
can be considered physically as a change in the ability of polar or oriented 
molecules to rotate according to the sense of the applied current. There 
are, of course, other equally good mechanical models. 

Material 

Fertilized and unfertilized eggs of Salmo irideus Gibbons were used. 
Eggs were obtained by stripping ripe females in the laboratory. Sperm 
were obtained in the same way and tested for activity before use. Fer- 
tilization was effected by mixing dry eggs and diy sperm in a basin and, 
after about 1 min., pouring tap water over them. There are no immediate 
morphological signs that fertilization has occurred, but the four-cell stage 
is easily visible, particularly if the eggs are fixed in Bouin’s fluid. If the 
four-cell stage has not been observed, it is usualiy necessary to wait from 
4 to 5 days to be certain that the eggs have been fertilized. At this stage 
the embryo is clearly visible. If the fertilized eggs are kept in running tap 
water, it is comparatively easy to obtain about 80 % week-old embryos, 
provided that the female trout has not been kept too long unstripped. 

Both fertilized and unfertilized eggs were kept in tap water for at least 
12 hr. before being used in an experiment. 


Affaratvs 

In principle, measurements were made with an alternating current 
bridge and detector. The egg was placed in an electrolytic cell in the un- 
known arm of the bridge (fig. 2). In^actice a somewhat more complicated 
technique was used (fig. 3). 

Bridge. The bridge was of the usual type, consisting of twq equal non- 
inductive ratio arms a and b, the unknown arm c containing the qgg shunted 
by a variable air condenser Oi, for balancing stray capacitances, and the 
standard arm d. The latter consisted of a variable non-inductive con- 
stantan resistance box R in parallel with a variable condenser box (7|. 

A.C. source. A variable output heterodyne beat oscillatoT with low 
harmonic content was used. The frequency band was 0-50 kc. 

DeUetor. Instead of the usual telephones, an electron oscillograph and 
resistance-capacitance-coupled amplifier with tuned filter output were 
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utsed, the bridge output being oonnectefl through the amplifier to the 
y -plates of the oscillograph. The oscillograph was used in three different 
ways: (1) without using the X-plates (for moving film records), (2) with a 
conventional linear sweep circuit on the A^-])late8, and (3) with the 
-plates in parallel with the transformed oscillator output through an 



Fio, 2. ScViematic A.C. bridge: a anci 6, ratio arms; c, unknown ann containing 
ogg in electrolytic cell; d, stiindard arm; CM.O, detector. 



Fio. 3* a and 6, ratio anna; c, unknown arm; e, trout egg in electrolytic cell ; 
C, variable air condenser, max. 0 in 0 0<)0005/*F stops; d, atandard ann; 

Cp, variable air condenser, max. I*O^F in 0-000002/eF stojw; Up, variable resistance 
box, max. 11,111/7 in 0*1 /7 atepa; TV, thermionic voltmet.er; O, oacillator; 
amplifier; C.R,0, electron oscillograph: amplifier. 


V61. CXXVII. B. 


14 
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independent resistance-capacitanoe-ooupled amplifier. This latter method 
produces an ellipse or Lissajou figiire on the oscillograph screen and is 
useful when very quick balancing is required, or for other specif purposes 
(Cole and Curtis 1938). 

(7e2Z. Two types of cell were used (fig. 4a, 6). Fig. 46 is a special cell 
used for one particular experiment; it is described later. Fig. 4a shows 
the type used for all other experiments. The electrodes were 1*0 cm. square 
and were platinized platinum. The egg was placed in the indentation in the 
middle of the cell. In all exiieriments 1*0 c.c. of tap water was placed in 
the cell. 



Fxq. 4. ESeotrolytio cells, o, egg; Pt, platinum electrodes; C, capillary. 

When the bridge is balanced, there is no potential across the bridge out- 
put and therefore no potential across the F-plates of the osciUograph. 
If a moving film record is taken of the electron beam under thos^oonditions 
(with no potential across the JT-plates) and the film moves in the JIT-direo- 
tion, a thin straight line will bo recorded. If now the bridge becomes un- 
balanced duo to an impedance change in the unknown arm of the bridge, 
a potential will develop across the F-plates. This potential will be ap- 
proximately sinusoidal as the system is energized by a sinusoidal source of 
e.m.f. and the amplitude of the beam deflection will be a function of the 
magnitude of the iniiiedance change. If the camera speed is sufficiently 
fast to separate each cycle an ordinary sine wave whose amplitude will 
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vary with the magnitude of the impedance change will be recorded; if the 
camera speed is not sufficiently fast, each cycle fuses with the next and a 
black band will be recorded. 


Results 

Unfertilized eggs. Eggs were removed from a female and left in running 
tap water for 12 hr. One was then placed in the electrolytic cell, fig. 4o, 
and the bridge was quickly balanced by adjustment of the parallel re- 
sistance and capacitance in the standard arm of the bridge. A record of 
the excursion of the electron beam was then taken. Fig. 5 is a typical 
result. The frequency of the voltage applied to the bridge input is related 
to the camera B]>eed in such a way that each cycle fuses with the next one. 
Fig. 6o-c, is a series of records each taken with the same egg but not the 
same as fig. 5, at different times. At the beginning of each record in fig. 6, 
the bridge was rebalance<l. 


ah c d e 





T2 


Fig. 6. 1 December 1938. Egg no. 19. Input frequency 5000-^. — Tj = 0O8ec. 


In all cases there is a periodic change in impedance occurring with 
approximately constant frequency of 1-5 min. As this effect has not 
apparently been observed before, careful controls were performed to 
establish that it was not an artefact. Possible artefacts may be roughly 
clasBified into four groups : 

(1) Periodic changes in the apparatus. 

(2) Periodic convection currents in the tap water round the egg in its cell, 

(3) Periodic egg volume changes. This would be an artefact only in a 
si^ecial sense. 

(4) Only occasional eggs show the effect. This would also ho a specialized 
artefact. 

(1) is disproved as there is no effect when dead eggs are substituted for live 
eggs in the experiment. Similarly, if there is no egg in the cell, but only 
tap water, there is no effect. This and the evidence that (4) is false are 
shown in Table I, 
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When a trout's egg dies, the intracellular globulin, which is normally in 
solution, comes out of solution as a white precipitate (Gray 1920). The dead 
eggs used in these experiments were either ones which had died naturally 
as evidenced by globulin precipitation, or were obtained by placing live 


a 


h 


d 



Fig. 6. 23 Dt'ccmbt^r 1938. Egx no. 94. Input frequency 4000 Time-niarkor, 
miiuiU's. St»o t^'xi for cleBcription of experiment. 


Table I 



No. of ex- 

Periodic 

impedance 

change 

Typo of egg 

periments 

present 

Live unfertilizeil cggB aft-<'r 12 hr. in water 

>100 

Yes 

Unfertilized eggs killed by beat 

25 

No 

Unfertilized eggs which died naturally 

25 

No 

Tap water without eggs 

10 

No 


eggs for 10 min. in tap water warmed to 80 ° C, when globulin again pre- 
cipitates. Apart from these morphological changes, the dead eggs have 
very markedly different electrical characteristics, both as regards the 
e.m.f. across the egg-tap water interphase (Pumphrey 1931) and as regards 
the resistance and capacitance of the coll membrane (Rothschild, to be 
published). 

The dead egg control is not entirely satisfactory as the impedance of a 
dead egg differs very little from that of the surrounding medium. A live 
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egg does not show any periodio impedance change when first put into tap 
water (see below), though its impedance is about the same as that of an egg 
which is undergoing the impedance cycle. This, in conjunction with the dead 
egg control, is good evidence that the impedance cycle is not an artefact. 

Periodic convection currents in the tap water round the eggs are not 
responsible for the effect. Stirring the tap water by bubbling air through 
it does not abolish the impedance changes, nor does substituting paraffin 
oil for tap water. 

Periodic changes in egg volume do not occur. This was established by 
photographing the eggs during the experiment and by means of the special 
electrolytic cell shown in fig. 46. This is in essence a volumeter. The egg was 
placed in ]Kjsition, the base of the cell being detachable and the whole was 
filled with tap water, to about half-way up the fine capillary C. The 
meniscus of the water was observed through a horizontal microscope. The 
meniscus continually drifted owing to temperature changes. (This cell was 
technically very difficult to thermostat and a thermostated n)om was not 
available.) As, however, the drift due to temperature was slow and always 
in the same sense, any periodic volume change would have been easily 
detected. The smallest observable excursion of the meniscus corresponded 
to a 0*2 % change in egg volume. Similarly, no change in egg diameter 
could be observed photographically during an impedance cycle. The photo- 
graphic technique could and in future will be made more sensitive. 

The experiments mentioned above establish the fact that the effect is 
real, i.e, that unfertilized eggs which have been in tap water for 12 hr. show 
periodic impedance changes. Eggs do not show the effect when first put 
into tap water. It appears after about 7 hr. immersion and, in the un- 
fertilized egg, it seems to continue until death, though after several days 
in tap water, the im{)edance changes become less regular and their period 
becomes longer. 

The impedance changes appear to be s])ontaneou8, though the exact 
significance of such a statement depends on a definition of the word 
spontaneous. This conclusion is based on the fact that the changes are 
entirely independent of frequency; reduction in oscillator output has no 
effect. The minimum convenient voltage across the cell with the apparatus 
previously described was about 10 x 10”® V, This voltage may possibly bo 
large enough to stimulate, though the amplitude of the impedance cycle 
is directly proportional to the oscillator output voltage. Furthermore, a 
cell which responds to a stimulating current of any frequency up to 50,000 
cycles by an impedance change with a frequency of about 1'5 min. seems 
improbable. 
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Analysis and interpretation of these results may be divided into two 
parts ; first, the analysis of the records in terms of impedance changes and 
second the analysis of the impedance changes in terms of changes in the 
resistance and capacitance of the vitelline membrane and/or possible 
changes in the resistance of the intracellular fluid or in the external medium. 

T}ie socond part of tho analyniH ia coinpllcntod even in relatively niinplo ca^es. 
In these experiments where the wave form of the impedance change may indicate 
that the resistance and capacitance changes comprising the impedance cycle may 
be out of phase, of different amplitudes anil that the wave is not always sinusoidal, 
analysis is extremely complicated. The evaluation of specific resistances and capaci- 
tances from the observation of impedances at different frequencies has been developed 
in a series of papers by Cole (1928 b, 1937). The analysis is based on Maxwell's equa- 
tion (1873) for the resistance of a homogeneous random suspension of spherically 
packcHl spheres and on Campbell (1911) and Colo's proof (1928 a) that the locus of 
the impedance vectors of a network consisting of two resistances and a capacitance 
plotted at various frequencies in the equivalent series form R is a semicircle the 
position of whoso centre doponds on tho dieloctrio losses m the capacitance in the 
network. Analysis of tho trout's egg im|iedance cycle in terms of specific resistance 
and capacitance changes is too cotnplicated and lengthy for inclusion in this paper, 
neither are these experiments entirely suitable for accurate analysis. It will be pub- 
lished elsewhere. 



VWW 
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Fig. 7 , An electrical network which w equivalent to tho egg in the cel), ifj, resistance 
of suspending medium ; Ri^ resistance of suspending meilium between electrode and 
egg surface ; R^, resistance of intracellular fluid ; R^, rosistance of coll membrane ; E, 
eaiiJ, across egg surface; C, and J?,, polarization impixlance of coll membrane- Tho 
impedance of the cel) membrane cannot be re])resented as a pure resistance nor as a 
pure capacitance. Nor can it be represented as a combination of non- variable pure 
resistances and pure capa(*itancc*H. 


At a xiarticular freciuoncy any network consisting of any combination of re- 
aistancos and capacitances is equivalent to either of the simple networks shown in 
flg. 1. This does not imply that the change in resistance or oapocitanoo in the bridge 
standard arm necessary to balance a change in the unknown arm is numerically 
equal to tho change in the unknown arm, for tho egg is equivalent to a network of the 
type shown in fig. 7 , where, apart from other difieronces, the capocitative element is 
of the polarization type ; while biUanco is effected by a pure resistmoo and capacitance 
in parallel. The maximum and minimum values of the standard arm impedance 
ohms] necessary to balance the egg during its impedance cycle 
maximum and minimum vary by app, 0*4 %. This percentage change is small, 
though it must bo remembered that a null method is used in making measurements ; 
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only the change round a mean value Ih reccnlod. the main egg im(>edance being 
balanced out. Though the percentage change in impedance m low, the jH^rcentoge 
changes in standard arm capacitance and resistance are app. 4 0 and 0-4 re^{)ectively. 

To deduce the actual type of impedance change which produces the 
record in fig. 6, it is advisable to consider the record in a slightly simplified 
form. Assume that the points a, b, c, d and e in fig. 5 represent bridge 
balance. (This is not the case as the lines at b, c and d are slightly thicker 
than at a and e, but this is discussed later.) One complete cycle lasting 
app. 1*6 min. then consists of an apparent large impedance change of long 
duration followed by an apparent small change of impedance of shorter 
duration. But from fig. 6, whi(;h shows a series of rccortls taken on the 
same egg at different times (i.e. balanced on different parts of the im- 
pedance cycle) it will be seen that the relationship of these two phases can 
be varied according to the moment in time when the bridge is balanced ; 
at a particular time of bridge balance, the two phases may even be of the 
same amplitude and duration (see fig. 6 c). (Consider h}rpothetically some 
periodic alteration in the structure of the protoplasmic membrane which 
produces an impedance change ^ = ZoSin(t>^ At any moment when the 
bridge is balanced, the imiiedance of the egg may be represented by a 
particular point on the sine wave. In fig. 8 different moments have been 
selected at random during the impedance cycle at each of which it is 
assumed that the bridge has been balanced. Thus at any time t, the standard 
arm impedance value necessary to balance the bridge (and thus the egg) 
is in arbitrary impedance units (fig. 8a). This corresponds in practice 
to particular values of the parallel resistance and capacitance in the 
standard arm of the bridge. It will bo remembered that bridge unbalance 
produces a bilaterally symmetrical oscillograph excursion, fig. 8, though 
this is obviously not the cose with the function Z = Zo sin <at. In the first 
case, fig. 8a, the bridge is balanced {Bi) near the peak of the first half- 
cycle; therefore rebalance occurs in a short space of time, at Bg. The next 
balance occurs much later, as the wave does not return to the balance level 
Ba for more than the duration of a half-cycle. occurs after a short time, 
after a long period, etc. These periodic impedance changes are drawn 
at the side as bridge unbalances photographed on the oscillograph both with 
high and low frequency bridge input or carrier e.m.f.’s. In fig. 86 balance 
was effected nearer the median line of the wave, in c at the median line, 
in d and e at various distances below. In each cose the relevant moving film 
record is drawn at the side. Although the frequency and form of the actual 
impedance change remains the same throughout, the form and apparent 
frequency of the recorded impedance changes vary according to the time 
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at which the bridge is balanced. The process of constructing the recorded 
imi)edanoe change from a known sinusoidal input impedance cycle (see 
above) can be reversed if the recorded impedance change is known. In 
ilg. 9 the input imiwdanco cycle has been reconstructed from the observed 



tiino 



time 




1 2 3 

Fia. 8 . 1. The function Z=:^osinfll^ The horizontal line in each coHe repreiienta 
bridge balance (ohme). Bi ih the ohm- time co-ordinate at which balance u first 
effected. B|. B,, B 4 and Bg represent successive bridge balances. 

2. Detector record at high input frequency. B^, B, and Bg represent bridge balances. 

3. Detector record at low input frequency showing separation of carrier wave. 
Bg, B 4 and Bg represent bridge balances. 

al, 2 and 3; 61, 2 and 3 to el, 2 and 3 sliow the effect of varying t in the co- 
ordinate Btf first on the value of Z necessary to effect balance and secondly on the 
recorded change. 
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records in fig. 6. Comparison of figs. 6, 8 and 9 shows that the interpreta- 
tion given above is consistent with the observed effects, with certain 
reservations discussed below. 

This analysis is over-simplified. Fig. 10a is the same as fig. 6 and if this 
record is carefully examined it will be noticed that though there is a balance 
at a, there is a small residual unbalance at 6, c and d. Sharp balance only 
re-occurs at c. This is not a property of the measuring apparatus. In some 
eggs this effect was very much more marked, e.g. fig. 106. There is one 


a 


h 


c 


d 


Fio. 9. Reconstruction of the input impodanco cycle from recorded changes, fig. 6 
a, 6, c, d, c. Time -marker, minutes. The horizontal lines at the beginning and end of 
each record represent balance levels. 

fairly simple explanation of this anomaly, though other more complicated 
explanations could probably be invented. The main impedance change is 
the one previously described, namely, a roughly sinusoidal variation in 
impedance, each cycle of which is recorded as two phases whose amplitude 
and duration vary according to the moment in time at which bridge 
balance is effected. Some change is, however, superirnj)OSod which only 
permits complete balance every fourth cycle. If the impedance cycle con- 
sists of two components, one of which is the change previously described 
and the other is a sinusoidal in-phase component of one quarter the 
frequency, the resultant change would be similar to the records in fig. 10. 
This is shown diagrammatically in fig. 1 1 which should be compared with 
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a be d e 




12 3 4 

1 1 i 1 


T, T, 

Fio. 10. (a) 1 December 1938. Kgg. no. 19. Input froquoncy 6000 Time, 
— T, = 60 HOC. a and e, balances; 6, c and d, partial balances. 

(6) 6 December 1938. Egg no. 38. Input frecpieney 4000 Time, 1\ — = 60 sec. 

and balances; Bj, and B^^ partial balances. B^ is more off-balance than 
B| or B^, 

(c) 23 Decembf'r 1938. Egg no. 94. Input fn^jiiency 4000 Time; the arrows 
1, 2, 3 and 4 arf) 1*8 inin. apart. The amplitudes of phases 1 and 3 an* greater than 
those of 2 and 4. 



Fio. 11. Hie possible two components of the impedance cycle. (1) having 4 times 
the frequency of (2). A midw-ay balance level has been selected as in fig, 6c. The 
off-balance at B^ is small owing to tlui small amplitude of the slow wave. At B^ the 
off-balance is greater than at B^ because the amplitude of the slow wave is at a 
maximiun. B^ is the same os Bg, and Bg is the same as Bj, i.e. complete balance. 
The heavy vortical lines indicate the degree of off-balance at the various partial 
balance points. 
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figs. 10a and 6, and fig. 12. It would be tempting to suggest that one 
component of the impedance cycle is due to a change in resistance while 
the other is due to a change in capacitance but this is not at present ad- 
missible. This analysis depends on the lower frequency component being 
of small amplitude compared with the other coniftorient. If the am])litude 
becomes signiiieant, the degree of off-balance at partial balance should be 
observably greater at the end of the second cycle than at the end of the 
first ; as after two cycles the amplitude of the lower frequency component 
is at a maximum. This is well illustrated in fig. 10 at 


a 


h 


c 




Fig. 12. 5 January 1939. Egg no. 138. a-d^ effect of varying the time of bridge 
balance /) on €ui egg which produced an iinpedaiiCH cycle whicfi con be analysed 
into two components, one being four times the frequency of the other. Time- 
marker, minutes. 


In unhealthy, unusually delicate, or stale eggs, the lower frequency com- 
ponent frequently had a relatively large amplitude. At the same time the 
impedance cycle was often of lower frequency in these eggs. A typical case is 
shown in fig. 12a-d. These records, which were taken on one egg which had 
been in tap water for 24 hr., illustrate veiy well the reduction in frequency 
mentioned above and the increase in amplitude of the lower frequency 
component which makes the off-balance at the end of the second cycle 
much greater than at the end of the first. These four records were all taken 
on the same egg, rebalance being effected between each record as in fig. 6. 
The effect of varying the moment of balance and thus the standard arm 
impedance necessary to effect balance is also well exemplified in these 
records; a and d happened to be about in the middle of the impedance 
cycle while c is so near the peak of the wave that there is some slight 
instability. 
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Throughout this paper it has been tacitly assumed that the impedance 
cycle is sinusoidal. This is not strictly the case and analysis is much compli- 
cated in these circumstances. Fig. 10c is an example where the simple 
harmonic analysis does not hold good. The resultant impedance cycle is 
approximately sinusoidal and there is the usual component with one- 
quarter the frequency of the main change. But this lower frequency com- 
ponent evidences itself as a periodic modulation, suggesting that it is not 
sinusoidal, though the main component is. 

Fertilized eggs. The periodic impedance change is also present in the 
fertilized egg. It does not appear to differ in frequency, form, or time of 
inception from that observed in unfertilized eggs, but it does not continue 
indefinitely. At about the fifth day of develoj)ment the effect ceases. The 
reason for this is not established, but it is possible that it may be correlated 
with the proliferation of cells round the vitelline membrane, which takes 
place about this time. This will be established by a more detailed morpho- 
logical investigation. If the imi^danco cycle is a prot)erty of the vitelline 
membrane, it would be reasonable to expect that it would disappear when 
the vitelline membrane degenerates. The fact that the effect persists in 
fertilized eggs only for this period indicates that it is a property of the 
vitelline membrane rather than of that part of the unfertilized egg which 
develops into the embryo after fertilization. 

Discussion 

These experiments are as yet unfinished. The effect of changes in tempera- 
ture,* of varying the environment, the relationship between the impedance 
cycle and the death of the egg, the correlation between the morphology 
of the fertilized egg and the cessation of the effect and the effect of anaes- 
thetics are obvious experiments to be carried out. These could not be done 
this year owing to the shortness of the breeding season. 

There are few, if any observations on the trout’s egg with which the im- 
pedance cycle can be correlated. Krogh and Ussing (1937) observed that the 
eggs absorbed water, presumably osinotically, for about 6 hr. after stripping, 
which is about the time when the impedance cycle begins, but there is no ob- 
vious way of relating these two phenomena. On general biological grounds, 
the frequency of the effect precludes comparison with other periodic changes 
of a similar nature. During nerve activity and probably during muscular 
activity, there is a change of impedance associated with the action 

* We have established qualitatively that an increase in temperature causes an 
increase in frequency, and vice versa. 
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(xitential, SfKintoiieous |K?riodic potential ehangeH occur in the brain and 
these may be associated with impedance changes, but there are few if any 
j>6riodie changes which occur at such a low frequency. 

An interesting problem which the im[)edanco cycle raises is its relation- 
ship to fertilization. One of us (Rothschild 1935) has previously suggested 
that when an egg is laid, which in the uterus was in equilibrium with an 
environment of greatly different osmotic pressure from tap or river water, 
the sudden change in osmotic conditions in the environment may be an 
abortive parthenogenetic stimulus. In the frog’s egg, for exam])le, where 
one of the signs of activation is the appearance of the perivitelline space 
w'hich permits the egg to rotate, rotation fretiuently occurs about 3 hr. 
after the unfertilized eggs have been put into ta[) w^ater, though in 
fertilized eggs rotation occurs after 20 min. The existence of the im- 
pedance cycle in unfertilized trout eggs in tap water and in fertilized eggs 
may be an indication that trout eggs are partially parthenogenetically 
activated by suddenly being immersed in a medium of much lower osmotic 
pressure, though against this is the fact that both in fertilized and in un- 
fertilized eggs the effect appears at the same time, i.e. about 7 hr. afU^r 
immersion; also there is the possibility mentioned previously, that the im- 
pedance cycle is a property of the vitelline membrane rather than of that 
part of the egg which later develops into the embryo. 

The significance of these results would be much simplified by an examina- 
tion of other eggs to see if the effect is of general incidence, whether it is 
restricted to eggs of a particular typo, or whether it is restricted to the 
trout’s egg alone. 


Summary 

1 . Unfertilized and fertilized eggs of the rainbow trout show S])ontaneous 
periodic changes of impedance. 

2. Measurements were made with an A.C. bridge and electron oscillo- 
graph as detector. 

3. At an input frequency of 3000 cycles the maximum change in im- 
pedance per egg cycle corresponds to an app. 0-4 % impedance change in 
the equivalent parallel resistance and capacitance network in the standard 
arm of the bridge. The maximum capacitance and resistatK^e changes in the 
latter are app. 4-0 and 0-4 % respectively. 

4. The effect occurs only after about 7 hr. immersion in water. 

6. The frequency is about 1-6 min. 

6. Killing the egg abolishes the effect. 
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7. An increase in temperature increases the frequency and vice versa. 

8. It is suggested that the impedance cycle consists of two components, 
(1) the main periodic change whose frequency is about 1'6 min., and (2) an 
in-phase periodic change of much smaller amplitude with a frequency of 
one-quarter that of the former. 
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Investigations of the mechanism of the transmission of 
plant viruses by insect vectors 

III, The insect’s saliva 
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[Plate 7] 

For the type of virus transmission characteristic of leafhopper vectors, 
there is convincing evidence that the virus passes through the insect’s 
body. The manner in which it emerges from the insect and comes to be 
inoculated into a plant is much less certainly known. It has generally been 
assumed that the saliva is the vehicle of the inoculation. For this assump- 
tion there is even now little direct evidence. 
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I now describe observations on the excretion of saliva by a leafhopper 
and attempts to demonstrate experimentally in this saliva the virus of 
which this insect is a specific vector. 

Materials and methods 

The material of these studies was pure ‘'active*' or “inactive” races of 
CicaduUna rnbila Naude (Storey 19326) and the streak-disease virus of 
maize. The general experimental methods and precautions against error 
were similar to those already described (Storey 1928, 1932a, 1933, 1938). 
Certain special methods will be mentioned in their appropriate sections. 

Observations on puncture and salivary excretion 

By the use of a small glass chamber similar to that described by Fife 
(1932), I have watched the stylets of G. m6i2a penetrating a wax membrane, 
26-60// thick, and feeding on a 10% sucrose solution held behind the 
membrane. The chamber was placed on the microscope stage with the 
membrane vertical, and the stylets, puncturing across the field of view, 
were observed through a x 20 objective. 

A moment after the insect’s rostrum makes contact with the exterior 
of the membrane the maxillary stylets appear in the field of view (fig. 1, 
Plate 7). The mandibular stylets are rarely visible since they penetrate 
only a short distance and normally remain stationary once inserted, 
appearing to be wedged apart by the maxillary stylets, their serrated outer 
surfaces providing an anchorage in the membrane. The maxillary stylets 
advance smoothly into the fiuid and retire jerkily, with rapid sliding move- 
ments of the two stylets one on the other. During the withdrawal, but not 
during the advance nor while the stylets are at rest, a colourless material 
flows from the tip of the stylets (fig. 2, Plate 7). This material neither 
visibly dissolves in the nutrient nor flows away, but sets to a gel (fig. 3, 
Plato 7). Repeatedly the maxillary stylets advance through the coagu- 
lating mass and retire with further ejections, moulding it internally to the 
form of a sheath, either simple (fig. 7, Plate 7) or branched (fig. 9, Plate 7). 
The sheath material sets so firmly that on withdrawal, even within a few 
seconds after puncture, a tubular cast of the stylets remains, sometimes, if 
the wax membrane be thin, showing the clear cut serrations of the man- 
dibles. I have even observed air to enter the sheath following a sudden 
withdrawal of the stylets (fig. 7, Plate 7). 

Although occasionally a hungry insect may start to feed at once, its 
stylets remaining stationary after the first movement of penetration, the 
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usual course is for it to build a substantial sheath by repeated to-and-fro 
movements during the first minute. At irregular intervals thereafter 
additions to the sheath may be made by further movements. If suitable 
particles be susjjended in the nutrient fluid, their movements reveal a flow 
of the fluid into the stylet-tip, both during forward movements and while 
the stylets are at rest (figs. 4 and 6, Plate 7). This flow may continue 
uninterrupted for a few minutes or for an hour or more. Between periods 
of sucking the insect rests with its stylets partly withdrawn down the 
sheath, the end of which is previously sealed by the ejection of a further 
quantity of sheath material (fig. 5, Plate 7). In nutrient fluids buffered to 
hydrogen-ion concentrations of approximately pU 3, 6, 7, 8 and 10, the 
process of sheath-formation appeared to take the same course and in all a 
firm sheath was formed. I observed only one marked deviation from the 
normal procedure, which occurred in both acid and alkaline ranges of the 
nutrient. Owing to the first droplet of the sheath material becoming 
detached from the inner surface of the membrane and being without 
anchorage, it was carried forward on the advancing stylets, and by 
accretion of more material solid strings were built up two to three times 
as long as the stylets (fig. 8, Plato 7). This abnormality is clearly a result 
of the artificial conditions and does not differ in essentials from the usual 
sheath-making. 

It can hardly be doubted that the sheath material is a product of the 
salivary glands. It is less certain however that this material is their sole 
product. I have devoted much care to the search for evidence of a flow 
from the stylets of any other form of saliva. In this search I have relied 
primarily upon the assumption that any fluid not homogeneous with the 
nutrient fluid would, ujwn issuing from the stylets, produce striae or some 
similar visible disturbance within the nutrient fluid. I have confirmed that 
such a flow from a capillary glass pipette can be readily seen, particularly 
under the oblique illumination obtained by a sideways displacement of the 
snbstage diaphragm of the microscope. If 10 % sucrose be injected into 
distilled water, the issuing fluid is seen as an unevenly illuminated cone; 
as the rate of flow falls the size of the cone decreases, until only a small 
bright spot remains visible at the tip of the pipette; finally this spot dis- 
appears, even though a very slow flow — as shown by particles present in 
the ejected fluid — continues. If 10% sucrose be injected into 9% sucrose 
the effect is still visible with a strong flow, but as the rate of flow falls the 
bright spot disappears at an earlier stage. If the two fluids are homo- 
geneous the flow is never visible. 

Under similar conditions — as well as by direct and dark-field illumina- 
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tion — I have watched the stylets of C, mbila while feeding upon 1 and 20 % 
sucrose solutions. On no occasion have I certainly seen a bright spot at 
the stylet-tip in either fluid. Particles in the nutrient fluid drawn to the 
stylet-tip by the insect’s suction may pulsate regularly, doubtless in 
relation to the action of the pharytigcal pump. Very occasionally these 
particles may be shot away some distance and be drawn back immediately 
to the stylet-tip. This movement certainly denotes a momentary outwanl 
flow. Usually it has occurred without any bright flash; but on rare oc- 
casions there has been a suggestion of a flash, so indefinite, however, that 
I hesitate to trust the observation. Sometimes minute droplets, apparently 
of the gelling material, have appeared at these times and have become 
entangled with the particles drawn to the stylet -tip. Although 1 feel very 
uncertain about the interpretation of these phenomena observed only 
infrequently, I suggest that the fluid ejec;ted was homogeneous with the 
nutrient, and was in fact an outward flow down the suction canal of the 
stylets caused by a momentary failure of the valve mechanism. This out- 
ward flow was observed only when a mass of particles had collected on the 
stylet-tip and may have been a voluntary action intended to clear the 
choked canal. 

While the insect is sucking, particles in the nutrient fluid may be seen 
to accelerate to the stylet-tip. Some remain there (flg. 4, Plate 7); others 
a])proach, but, after striking the stylets or stop[)ing before reaching them, 
move away again with a corresponding deceleration. This observation 
suggested that an outward flow was occurring simultaneously with the 
inward one. I believe, however, that it is due solely to eddy currents 
produced by the suction; for exactly similar movements of approach and 
recession were exhibited by particles in the neighbourhood of a micro- 
pipette into which a steady flow of the fluid was being drawn. 

B'ife (1932) has reported that the fluid exposed to the feeding of Entettix 
tenellus Baker becomes rapidly alkaline, and I have confirmed this for 
Gicadulina tnbila. It must be concluded that an electrolyte issues from the 
insect into the fluid, either as a flow independent of the sheath-forming 
saliva or as a soluble component of this saliva at the time of its ejection. 
The following observation appears to support the second explanation. On 
one occasion an insect punctured the membrane close to the glass bottom 
of the observation chamber, u|Xjn which had collected a uniform layer of 
Indian ink particles. Immediately after the first ejection of sheath material 
the particles were swept away, leaving a clear zone extending some 
distance around the sheath (fig. 6, Plate 7). It did not appear that this 
phenomenon was caused by any gross movement of the fluid, but rather 
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by a momentary change in the surface tension at the interface between the 
nutrient and the glass. I concluded that a soluble component had diffused 
from the salivary mass at the moment of its ejection. 

There can be no doubt that the stylet-sheath seen in process of formation 
ill a fluid is identical with that found in histological preparations of the 
leaf (Bennett 1934; Storey 1938). Nor can there bo any doubt that this 
sheath is wholly of insect origin, as F. F. Smith {1933) has concluded 
from microchemical studies. As 1 liave reported (Storey 1938), the sheath 
in the leaf shows two layers with different staining reactions; so also does 
an isolated sheath formed in a sucrose solution, riistological preparations 
suggest that the process of sheath formation in the leaf is similar to that 
in a fluid, although probably less rapidly completed (Storey 1938). There 
are indications that once the phloem is entered the stylets are not again 
moved to another tissue. The saliva, being ejected into a confined space 
in the leaf, may flow along elongated cells before gelling (Storey 1938, 
fig. 4 , Plate 28 ). Bundle sheath and mesophyll cells receiving saliva have 
degenerated cell contents, but adjacent cells remain apparently unaffected. 
Cicadulina differs markedly in this respect from some jossids that have 
been studied (K. M. Smith 1926; F. F. Smith and Poos 1931). 


Virus in the salivary glands 

1 have carried out experiments in which organs taken from the bodies of 
infective “active” C. mbila have been inoculated into the abdomens of 
non-infoctive ones. There is reason to expect that these insects would 
I>rovo to be infective in a subsequent test, if the organ inoculated contained 
any considerable amount of virus* (Storey 1933). 

The technique employed was to dissect the organ required from an 
anaesthetized insect under sterile 0 * 7 % saline; to pass this organ suc- 
cessively through several drops of sterile saline, each transfer being made 
with a fresh sterile needle, or with a micro-pipette, if the organ could 
not readily be picked up by needle; and finally to inoculate the organ by 
one of the following methods. (1) Portions of the organ were implanted 
by needle into the abdomens of the insects receiving the inoculation. This 
method was not very satisfactory since, however rapidly the transfer was 
performed, the inoculum usually dried on the needle before it could be 

* It is impossible at present to express this more exactly. There are indications 
however that the minimum quantity of virus that can be revealed by this inoculation 
teat may be relatively large ; and that the test is less sensitive tlian that by feeding 
the suspected virus-containing material to insects. 
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inserted. (2) Portions of the organ were drawn up into a micro-pii>etto, 
of a boro just large enough to allow them to enter, and injected together 
with excess saline. ( 3 ) The organ was crushed in a minute droplet of saline 
and the suspension taken up by micro-pipette and injected. In the 
majority of experiments parts of the organ from each individual infective 
insect were inoculated into several non-infective ones; if any of these 
became infective the result was recorded as a single positive. 

The organ with which this paper is particularly concerned is the salivary 
gland. The results of experiments in inoculating this gland appear in 
Table I. In each experiment one or two of the inoculated insects became 
infective. 

Tablk I. Tub iNocuiiATiox of portions of salivary ulanos, disskoted 

FROM INFECTIVE “ACTIVE ” ClOADUUS 4 RECENTLY FED ON VIRUS, 


INTO NON-INFECTIVE “ ACTIVE*’ INSECTS 

Year and Treatment of dissected 

Method 

of 

No. of glands 
inoculated 

exp. 

glands 

inoculation 

Total* 

Positive 

1933— R 192 

Washed successively In 5 drops 
saline 

Needle 

9 

1 

1934— R 195 

Washed m 1 drop saline 


4 

1 

1938— R 216 

Washed successively in 2 drops 
saline 

Pipette 

11 

1 

1938— R 224 

Washed successively in 3 drops 
saimo 

*• 

9 

2 

1938— R 230 

Washed successively in 3 drops 
saline 

f* 

9 

2 


* Includes only those oxporimontal inoculations in which one or more of the 
mocxilated insects survived more than 2 days fluring the U*st for thf'u* |x>wor to cause 
infection. 

The interpretation of these results is by no means certain. The fact, 
already reported (Storey 1933), that virus may be present in the blood, 
which bathes all the organs of the body, raises a doubt whether the few 
positive results were not due to virus carried in blood adhering to the 
gland and not removed by the washing given. On the other hand, it is 
possible that, in the process of washing, virus present in the gland became 
largely inactivated; I observed that the gland, translucent at first, rapidly 
became opaque in saline. I have tried to obtain a basis for judgment of 
these possibilities by experiments with other organs dissected from in- 
fective “active*’ insects, all fed on diseased plants until removed for 
experiment. 
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(1) OvarioUs. Dissected from 11 adult insects, washed in 2 drops saline; 
portions of each inoculated by pipette into 2 non-infective insects. Results 
— all negative. 

(2) White (posterior dorsal) mycefmne. Dissected from 1 1 adults, washed 
in 3 drops saline (transferred by pipette), inoculated by pipette. Results — 
all negative. 

(3) Yellow (anterior ventral) mycetome. Dissected from 20 nymphs, 
washed in 3 drops saline, fragments inoculated by pipette. Results — all 
negative. 

(4) Malpighian tubules. Dissected from 9 adults, washed in 3 drops 
saline, inoculated by pipette. Results — all negative. 

(5) Mid-intestine, (a) Dissected from 12 adults, washed in 5 drops saline, 
inoculated by needle. Results — H positive. 

(6) Dissected from 11 adults, washed in 2 drops saline, inoculated by 
piX)etto. Results— 11 positive. 

(c) Dissected from 10 adults, washed in 2 drops saline, inoculated by 
pipette. Results —10 positive. 

Consistently negative results were thus obtained in Exps. 1-4 with 
certain organs, that were as likely to carry a surface contamination of 
blood as the salivary glands. Washing in two or more drops of saline 
appears therefore to free them effectively from this contamination. The 
intestine on the other hand was likely to contain virus, since the insects 
had recently fed on a diseased plant. Passing the intestine through five 
drops of saline did not inactivate the contained virus; both the needle 
and pipette methods of inoculation were successful. 

On the basis of this evidence, I conclude that the few positive results 
from inoculation of salivary glands were not due to technical error, I also 
conclude that the large proportion of negative results wan not due to simple 
failures of the technique. It is still possible that post-mortem changes 
in the glands may have inactivated the greater part of the virus contained 
in them, in spite of the evidence that post-mortem changes in the intestine 
do not inactivate contained virus. On the most likely interpretation, virus 
is present in the salivary glands of C. mbila, either on infrequent occasions 
or in such dilution that my methods only rarely revealed it. 

Virus in a fluid fed on by infective insects 

I have performed many experiments designed to demonstrate virus in 
fluids upon which infective C. mbila had fed. The fluids used were: 
(1) healthy maize juice, with 10% sucrose added; (2) distilled water with 
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10% sucrose; (3) same as (2), with 0*5% pepsin or trypsin added, the 
reaction being adjusted to a pH favourable to the enzyme used; (4) same 
as (2) with Indian ink added. Some added sugar was necessary in order to 
make the insects feed freely on any fluid. Carter (1928), in somewhat 
similar studies on IStUettix teneHua^ used fluids compounded with a variety 
of sugars ; but in his work none seemed to be better than a simple sucrose 
solution. In my experiments, the proteolytic enzymes were sometimes 
added in the hope that the salivary sheath (reported to be largely protein 
(F. F. Smith 1933) might be dissolved and that virus, if held in the gel, 
might be released. Indian ink was incorporated, since observations, 
reported above, suggested that an outward flow might occur from the 
stylets when the canal entrance was choked by suspended ])articles. 

The first method of testing for virus was to inoculate the fluid by needle 
into the abdomens of non-infective “active Cicadalimi mhila. The fluid 
(in one experiment 2 c.c. ; in all others only a thin film) was held behind a 
membrane of “Baudruche capping skin^’, and about 50 infective insects 
were allowed to feed on it for one day. Upon removal of these insects, the 
fluid was at once used for inoculation. In six separate experiments a total 
of 170 non-infective insects were inoculated with it. In addition, 31 insects 
received material scraped from the inner surface of the membrane. In two 
further experiments a wax membrane was substituted, and portions of 
this, known to be carrying many salivary sheaths, were implanted into the 
abdomens of 60 insects. In another the feeding medium was solidified with 
gelatine and scrapings from its surface immediately below the membrane 
were inoculated into 33 insects. None of the 294 inoculated insects became 
infective. 

A second method of experiment was to allow non-infectivo insects to 
feed on the fluid into which virus was presumed to have been inoculated 
by infective ones. In four experiments 10-40 infective insects fed for 
1-3 days on 2 c.c, of fluid; thereupon non-infective insects fed for one day 
through the same membrane. A total of 44 non-infective insects all 
remained non-infective. Carter (1928) reported some successful experi- 
ments on these lines ; his results will be discussed later. 

In further experiments the volume of fluid was reduced to a film held 
between two membranes. On one side of this double membrane 50-160 
infective insects were caged; on the other, usually 60 non-infective insects. 
All the insects fed for 1—2 days simultaneously. Thereupon the originally 
non-infective insects were tested, in groups of 10 or as a single group, on 
a succession of maize plants, these tests extending over at least 10 days. 
Of sixteen experiments using this technique fourteen gave negative results ; 
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in these, all of 890 non-infective insects remained non-infective. In one 
successful experiment, two groups of 10 insects out of three caused in- 
fection of the test plants; in the other, a single group of 60 insects did so. 
The fluids used were healthy maize ]uiee with sucrose in one experiment 
and distilled water with sucrose and pepsin in the other. It is unlikely 
that the constitution of the fluid was imiiortant, since both kinds were 
used also in experiments that gave negative results. 

A point of great interest arises from the behavioiu* of these successful 
groups in later tests (fig. 10). No group caused infection in any test but the 
first. Owing however to the death of some members of each group during 
the first test, the evidence is not conclusive that members of the groups 
that were infective during the first test had ceased to be so during the 
second. 

D 57(tf) 

D57(;>) 

D80 

1 J 5 7 9 II IJ ir» 

Fig. 10. To8t« of inHi'Ct-groupa frcm “double-moinbrane'* exporiTnunts. The history 
of each group w to b« rcoti horizontally; each roctariglo represents a test, in which 
the insect.H fed on a single rnaizo plant for the numbt»r of days shown by tho length 
of the roctanglo. If black, the tost was positive for streak infection ; if blank, nogativo. 
The figures in each rectaiiglo are the numbers of insects entering each tost ; differencos 
are due to deaths during the precoding test. 

Five experiments were performed to test an early hypothesis that the 
success in the preceding experiments was due to transmission of virus as a 
simple contaminant of the stylets. In each, 1 00 infective insects fed through 
a membrane on a film of fluid for 3-24 hr. ; the infective insects were then 
replaced by 60 non-infective ones and the membrane with its adherent 
film pressed into contact with the leaf of a maize plant, and so held for 
2 days. It is known that C. mbila can puncture through a membrane into 
an underlying leaf, and, if infective, can successfully inoculate that leaf 
(Storey 1938), In tho present experiments the stylets passed through a 
film of fluid, presumed to contain inoculated virus, directly into the plant. 
No test plant, however, became diseased; nor did any when the same 
insects were transferred to other plants by the usual technique. 

ViKUS IN A LEAF FED ON BY INFECTIVE INSECTS 

When infective C. mbila feed on a leaf of a maize plant, they inoculate 
virus into it, for the plant becomes diseased. It is reasonable to assume 
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tliat they inoculate virus also into a detached piece of leaf. I have 
attempted, by using methods similar to those of the preceding section, to 
demonstrate experimentally that this virus is present in the inoculated 
leaf at about the time of inoculation or shortly afterwards. 

Five experiments were performed, in each of which 60-100 infective 
insects fed for 3-96 hr. on detached pieces of leaf, or on the tip of an 
attached leaf. The leaves were then crushed and their juice inoculated into 
non-infective insects. In all, 176 insects were inoculated, but none became 
infective. Bennett (1935) has devised a method of obtaining the sugar- 
beet curly-top virus from expressed juice by precipitation with alcohol. 
This method is elfective also with the maize streak virus if applied to the 
juice of fully diseased leaves. The precipitate obtained from a leaf exposed 
for one day to 260 infective insects failed, however, to make infective any 
of 32 insects that received it by inoculation. Part of the precipitate was 
taken up in 10% sucrose solution and fed through a membrane to 30 non- 
infective insects. Again none became infective. 

In a series of experiments non-infective ‘‘active” insects fed on a leaf 
simultaneously with infective ones. By one method 60 non-infective 
nymphs were caged for 2 days with 60 infective adults on detached pieces 
of leaves. In the following tests all the nymphs were proved to be still 
non-infective. This experiment was repeated witlj 100 insects of each 
category; the results were again negative. A second method was to sot up 
the leaf to form a septum bqtw'oen two cages containing infective and non- 
infective insects resjxjctively. Approximately 5 aq. cm. of leaf was exposed 
for 1-2 days to 60-100 insects on each side. I have shown that C. irAila 
can penetrate to the j)hlocm from either surface (Storey 1938); since the 
insects were closely crowded on this small area of leaf, it is likely that 
individuals from each category often punctured the same vascular bundle. 
At the end of the feeding |)eriod the non-infective insects were usually 
separated at random into groups of 10 and given a succession of tests. I 
liave carried out eleven indef)endent experiments on these lines, of which 
six gave negative results. In these six a total of 3S0 insects all failed to 
become infective. In five experiments a small nurnhor of infections were 
recorded, as detailed in Table II. The successes all occurred with detached 
leaves standing in water; the failures with both detached and attached 
leaves. 

If we accept the truth of the independence hyjwthesis (Storey 1938), 
we can calculate, in the manner given by Fisher (1934, p. 63), the approxi- 
mate percentage of infective insects obtained in each experiment. The 
percentages appear in the last column of Table II. Although on such small 
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samples these figures are subject to considerable error, they give a true 
indication how small is the proportion of the insects that became infective — 
in even the most successful experiment no mote than 5%. 


Table II. Details of five “LBAF-.sKFniM” experiments, in which 
60-100 INFECTIVE ClCAIWUN.1 FED FOR ONE DAV FROM ONE SIDE 

OF A MAIZE LEAF, AND NON-INFECTIVE ONES FROM THE OTHER. SiX 
SIMILAR EXPERIMENTS GAVE ONLY NEGATIVE RESULTS 


Tosta of originally non-hifootive inHucta 


^oar and exp. 

\\o. of 
iiisncis in 
oacl] group 

aVo. of 

groupH caused 
infection 

No. of' 
groups not 
inf<*ctivo 

1933 -U 3 

10 

2 

6 

1933— U 4 

10 

1 

12 

1938— U 36 

10 

4 

6 

1938— U 3H 

10 

1 

9 

1938— U 40 

10 

1 

9 


Calc!ulated 
apjiroximate 
;)<*roentage 
of infective 
individuals 

3 

1 

5 

1 

1 



Fia. 11. Teata of inaoct Krou|.>!3 from “loaf -septum*’ experiments. 

See explanation under tig. 10, 

As in the “double-membrane” experiments already recorded, the suc- 
cessful groups of insects never caused infection in more than one of a 
series of tests (fig. 11). Four groups caused infection in the first test; of 
these, two groups w’ero carried to later tests, which were invariably 
negative. In each of these groups all ten members survived to the second 
test ; the insects that were infective during the first tests were therefore no 
longer so during the second. Five groups failed to cause infection during 
early teats but succeeded once each in a later test; thus the group in 
U 40 failed in six 2-day tests, succeeded in the seventh, but failed again 
in the eighth. 
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In order to test the hypothesis that the few positive results wore attri- 
butable to contamination of the insects’ stylets, the “leaf-septum” experi- 
ment was repeated with an “inactive” race of C. mbila. “Inactive” insects 
should be as efficient in this method of transmission as “active” ones. 
Seven experiments, however, involving the testing of 580 “inactive” 
insects, gave only negative results. 

The preceding evidence appears to conflict with that of certain experi- 
ments reported in an earlier paper (Storey 1928). Actually the conflict is 
not direct, since these exiMsriments were differently designed. In two 
ex})eriinents, a total of 0 out of 68 C. mbila became infective by feeding on 
the inoculated leaf for periods of from one to several weeks. In a second 
series, non-infective insects were caged on the lower part of a loaf during 
the time that it was being inoculated in its tip. One experiment w'as 
negative, while two experiments, in which the insects fed for 8-14 days, 
gave a total of 16 infective insects out of 68. A difterenco between these 
experiments and the ones rejiortod in the preceding paragraplis is that hero 
the insects continued to feed for several days after symptoms had developed 
fully on young leaves of the plants. The virus had by this time undoubtedly 
multiplied greatly in the plant, and conceivably had reinvaded in quantity 
the leaves through which it was originally inoculated. I doubt, however, 
whether this can be true, for 1 have shown that the green parts of a fully 
diseased plant appear to contain no virus that can be taken up by O. 
mbila (Storey 1928, 1938). 

Another disturbing point is that I have almost completely failed to 
confirm the earlier results. Three experiments in feeding non-infective 
insects for several weeks on the inoculated leaf gave only a single infective 
individual out of 163 . Four ox|)criments in feeding the insects on the 
lower part of the inoculated leaf were all negative. I have no reason to 
doubt the soundness of the earlier ex{)eriments, although since they wore 
done my methods have been improved and, if a choice must be made, the 
later results must stand as the more reliable. It is possible that the earlier 
positive results are strictly comparable with the few positives obtained 
in the “leaf-septum” experiments hero reported; if so, some unknown 
difference in the conditions of experimentation must account for the greater 
relative success of the earlier ones. Unfortunately the infective insects 
in the earlier experiments were not given a succession of tests which 
would have shown whether they also lost infective ability within a few 
days. 
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ThB mechanical INOCtTLATION OF PLANTS 


The streak virus is one of a large class of viruses that have resisted all 
attempts at transfer from plant to plant by mechanical inoculation. 
Employing all the usual methods I have inoculated expressed juice of 
diseased maize plants, known to contain virus (Storey 1932a), into over 
600 plants in 43 separate experiments, invariably with negative results. 

I have also inoculated plants with fluids obtained from insects either 
known or believed to contain virus: 180 with the general body contents of 
infective insects; 30 with salivary glands dissected from infective insects; 
210 with a variety of fluids previously fed to infective insects; 80 with 
the juice of pieces of healthy maize leaf after exposure to the feeding of 
many infective insects. Again all experiments were negative. 

A needle is a crude inoculating instrument compared with the insect’s 
stylets. 1 have tried to employ the stylets of living C. mbila as the inocu- 
lating instrument, by causing them to become contaminated with virus 
during their passage into the leaf. Certain experiments on those hues have 
already been described. 1 have injected virus-containing leaf-juice into the 
intercellular spaces of a loaf, and then caged non-infectivo insects on the 
injected area. When these insects were of an “inactive” race, no infections 
resulted in 40 trials. When they were non-infectivo “active” insects and 
were allowed to feed no longer than 2-3 days, again 40 trials were all 
negative. Four of these 40 insects, however, proved to be infective in a 
second test. When, in a similar exi)erimont, the “active” insects continued 
to feed for 12 days on the injected plants, one plant out of 20 became 
diseased. Evidently therefore the insects at least occasionally penetrated 
the injected tissue and sucked in some of the fluid that had been injected ; 
in consequence they became infective after the lapse of a latent period of 
more than 2-3 days and less than 12 days (Storey 1928). Although for this 
reason we may infer that the insects’ stylets became contaminated with 
virus during the course of their penetration of the leaf, nevertheless they 
failed to infect any plant as a result. 


Discirs.«aoN 

A suiprising feature of this work has been the difficulty in demonstrating 
virus in a leaf inoculated by infective C. mbila. There is reason for thinkin g 
that the virus does not immediately multiply in the plant at the point of 
its inoculation (Bennett 1934; Storey 1938); but even the virus con- 
stituting the very many infeetive doses known to have been inoculated 



Tranamisflion of plant viruaes by inaect vectora 539 

ran but rarely be demonstrated experimentally. 1 have considered two 
possible hypotheses that would explain this difficulty. The first is that the 
streak virus undergoes a transformation during passage through G. nUtila ; 
that it issues from the insect in a form that is capable of infecting a plant, 
but incapable of making another insect infective. On this hypothesis 
the few positive results were due to transfer of the new form of virus 
mechanically on the surface of the stylets. 

The idea that a virus can bo transmitted as a contaminant of the stylets 
has recently come to be widely accepted as explaining the phenomena of 
transmission encountered with the majority of aphis vectors (Doolittle 
and Walker 1928; Hoggan 1933). Watson’s recent work (1936, 1938), 
however, questions its truth even for this typo of transmission, which 
differs in many features from that considered in this paper. The evidence 
here presented shows that C. tnbila fails to inoculate successfully the normal 
form of the streak virus by contamination of its stylets, even when this 
contamination occurs during the passage of the stylets through the mcso- 
phyll on their way to the phloem. It fails also to inoculate in this way the 
hypothetical second form of the virus, when similar precautions are taken 
to ensure the maximum opportunity for contamination. 

The hypothesis of a virus transformation relied mainly on the early 
findings that the few experimental infections obtained were always in the 
first of a succession of tests. Virus might be carried mechanically into the 
first of the test plants, but it is highly improbable that any would remain 
on the stylets tn be carried into the second . In certain recent experiments 
infections api)eared in testa as late as the third and seventh. Furthermore, 
as mechanical carriers ‘ ‘ inactive ” C. wbila should be as efficient as ‘ ‘ active ” 
ones ; but in fact they always failed. On this evidence, the hypothesis must 
be abandoned. 

My second hypothesis, which I believe to be true, is that the infrequency 
of positive results was due to the extreme dilution of the virus presented 
to the non-infective insects in all my experiments. This implies that a dose 
of virus sufficient to infect a plant may be very small, and that in fact 
the infective insect emits virus in only very small amounts. Although a 
leaf might have received many infective doses, yet the total quantity of 
virus received might be so small that only rarely in my experiments did 
enough reach a non-infective insect to make it infective. 

This hypothesis receives support from the evidence that even in the few 
successful experiments the insects possessed a very low infective ability. 
Freitag (1936) has shown for Eutettix teneUua that the probability of 
infection in any one of a succession of tests and the rate of fall of this 
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probability with time depend on the original quantity of virus taken in by 
the insect. I have found that with CicaduUna mbila also the original dose 
of virus is one of the factors determining infective ability. The ability of the 
insects, in the experiments here described, to infect only once in a series 
of tests is that which would be ex|)ected if they had taken up only a small 
amount of virus. 

Turning now to the exf>eriment8 in feeding insects on fluids, we see that 
positive results followed only when precautions were taken to reduce to a 
minimum the dilution of the virus presumed to have been inoculated. 
Again successes were few, and the successful insects showed a low infective 
ability. Carter (1928) was able to obtain infective EuteMix tenellus by 
feeding them on apparently large volumes of solutions on which infective 
insects had previously fed. His experiments are incompletely reported; 
but it is evident that a considerable proportion failed entirely, while it 
appears t!iat in the successful ones relatively few insects became infective. 
In only one experiment is a second test of the insects reported ; an unstated 
number caused infection of three plants out of four in the first 24 hr. test 
and of one only out of four in the second. Although Carter’s technique of 
successive membrane-feeding failed with CicaduUna mbila, his results ap^iear 
not to differ fundamentally from my o\^n. 

The view has been widely held that the ability of certain vectors to 
remain infective for long periods after a single original virus feed implies 
that the virus multiplies in the insect’s body. If now my hypothesis of an 
extreme economy in the insect’s output of virus be accepted, the argument 
for multiplication is greatly weakened. The multiplication hypothesis has 
been recently disputed on other grounds (Freitag 1936; Bennett and 
Wallace 1938). 

The problem how ( 7 . mbila inoculates the virus remains still unsolved. 
1 believe that rny evidence is reliable that virus can be present in the 
salivary glands, although it is uncertain w'hether it is present in such small 
quantities as to be detectable only with difficulty, or is present only on 
occasions, presumably when the insect is in some particular physiological 
state. Bennett and Wallace (1938) also reached the tentative conclusion 
that virus could be present in the salivary glands of Eutettix ienellua, but 
only in small quantities. I agree with them that the salivary glands do 
not act as a reservoir of virus. But the fact that virus can be detected in 
these glands, whereas in Cicaduliiui mbila it cannot be detected in other 
organs (except the intestine), favours the hypothesis that the insect’s 
saliva carries the virus into the plant. 

The number of positive results obtained in the “leaf-septum” experi- 



Trarhsmission of plant viruses by insect vectors 541 

ments was not of a different order of magnitude from that in the “double- 
membrane” expeiimenta. There is consequently no reason for thinking 
that the insect withholds virus in some manner while feeding on a fliiid 
medium. The observations that I have made on insects feeding through a 
membrane are therefore relevant to this problon ; while under observation 
the insects must have emitted virus. The only material known to have 
been emitted is the saliva that gels to form the sheath. The emission of this 
material is essentially a part of the initiation of puncture; when the insect 
settles down to suck food, no more of it is ejected. And yet I have shown 
(1938) that punctures maintained for less than 5 min. cannot cause in- 
fection. During the period when the plant is receiving the greatest quantity 
of gelling saliva it is never infected. Much of this saliva is deposited in the 
mesophyll, whereas for infection the stylets must penetrate the phloem 
(Storey 1938). But 1 have evidence that 5 min. punctures often reach the 
phloem, and that saliva is deposited there. If then the gelling saliva is the 
vehicle of virus inoculation, the manner in which it so functions is still 
obscure. 

In the experimental work here recorded I have received much assistance 
from Mr R. F. W. Nichols, which I gratefully acknowledge. 


Summary 

When puncturing through a membrane into a fluid, Ciccutulina tnhila 
ejects saliva only when its stylets are in motion, and not when they are at 
rest and fluid is being drawn into them. This saliva sets to a gel and is 
moulded internally by the stylets to form a sheath. No other material of 
insect origin has been obscrvoil to flow from the stylets. 

The salivary glands of infective insects, when inoculated into the 
abdomens of non-infective ones, caused a few of these to become infective. 
Comparative experiments with other organs from the insect support the 
interpretation that the salivary glands may contain virus, either in small 
quantities or occasionally. 

Attempts to demonstrate virus in a fluid upon which many infective 
insects had fed were almost always negative. Only when infective and 
non-infective insects fed simultaneously on a film of fluid hold between two 
membranes did a few of the non-infective insects become infective, and 
these never caused infection more than once in a series of tests. 

Results were similar with a mai/ie leaf on which infective insects hod fed. 
Simultaneous feeding on a small area of leaf alone caused a few non- 
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infective iuaeota to become infective, and these again were of low infective 
ability. 

I suggest that an infective Cicadulina rnbila ejects virus in very small 
quantities, so that only rarely can another individual take up enough 
ejected virus to make it infective and then only weakly so. The manner in 
which the virus is carried into the plant is still obscure; it is difficult to 
reconcile the view that the gelling saliva is the vehicle with the evidence of 
an earlier paper. 
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DKSCEirTioN OF Plate 7 

Photographs of the stylets of living Cicadulina mbila, puncturing through a paraffin 
membrane into a 10% sucrose solution, and of the salivary sheath formed during 
this process, x 235. 

Fia. 1. Maxillary stylets lying free in the fluid. By dark -field illumination. 

Fio. 2. Early sheath formation. Stylets withdrawing leaving a thin sheath beyond 
their tip. 

Fio. 3. Later sheath formation. Stout sheath formed with several droplets of saliva 
retaining their spherical form. One droplet of saliva just ejected at tip. The stylets 
were withdrawing during the exposure of the photograph. 

Fio. 4, Stylets with large aggregation of Indian ink particles drawn to their tip. 
Two particles on the left were moving in during the exposure of the photograph 
and appear elongated in consequence. 

Fto. 5. Stylets in resting position, partly withdrawn down the sheath. The end of the 
ifwath is closed by a plug of saliva ejected at the moment of withdrawal. 
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Fia. 6. A piinoture close to the bottom of the observation chamber. Before the 
puncture waa made the bottom bore a uniform layer of the heavier Indian ink 
particles that had settled naturally. Upon the hret ejection of saliva, tho particles 
were swept back well beyond the limits of the salivary mass, which lay in the middle 
of a clear area. Before the photograph was taken the insect hod sucked twice, 
drawing in the two mosses of particles that ore visible near the end of tlie sheath. 
The stylets lie partly withdrawn in the sheath. 

Fio. 7. An unbranched sheath in which the stylets had been resting with the distal 
end of the sheath plugged. On a sudden withdrawal of tho stylets, air entered the 
sheath through the hole of puncture. The air bubble is visible at the base of tlio 
sheath. 

Fig. 8. Abnormal formation of solhi “strings” of saliva, duo to the original salivary 
mass becoming detached from the membrane and so remaining un^ienetrated by the 
advancing stylets. A normal tubular sheath can be seen on the left-hand side. 

Fio. 9. Sheath with many tonninal branches formed in fluid at pH 10-3. 
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A comparative study of the transmission of Hyoscyamus 
virus 3, potato virus Y and cucumber virus 1 by the 
vectors Myzus persicae (Sulz), M. circumflexus 
(Buckton), and Macrosiphum gei (Koch) 

By M. a. Watson and F. M. Bobbbts 

Roihamsted Experimental Station, Harpenden, Herts 

{Communicated by Sir John Ruaattt, F.S.S. — Received 1 June 1039) 

[Plate 8] 

1. Intboduotion 

Insect transmitted plant viruses may be divided into two groups ac- 
cording to their relationships with their insect vectors. The first, which may 
be called the “ Persistent viruses ”, survive in their vectors for long periods, 
sometimes for weeks or months; the second, or. “Non-persistent viruses”, 
survive in thoir vectors for only a short period, always less than that during 
which they remain active in untreated infective plant sap. There are other 
differences between the two t3rpe8 of viruses besides those of persistenoe in 
the vectors, and wa attempt W been made in Table I to indicate the pro- 



Table I. Insect-transmitted viruses grouped according to their relationships with their insect vectors 


544 


M. A. Watson and F. M. Roberts 




* Also private communication from the authors. 
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perties and range of vectors of the viruses in each group. The table is 
necessarily incomplete, for the properties of many viruses which are known 
to be insect transmitted, particularly those of the non-porsistont type, have 
not yet been fully investigated. 

The persistent viruses are rather variable in their general proi)erties. 
Some can be mechanically transmitted, though usually with difficulty, 
while others can be transmitted only by grafting or by their insect vectors. 
The properties in vitro of the persistent viruses also vary. Curly top of 
sugar beet has been shown by Bennett (1935) to survive for several days 
in expressed sap, and to be resistant to chemical treatment, while spotted 
wilt virus of tomato (Bald and Samuel 1931, 1934) i» very unstable, and 
survives in untreated sap for only a few hours. Within the })ersistent group 
there is also considerable variety of vectors, belonging to many families 
of the Hemiptora. These insects usually have a uon-infective j)eriod after 
feeding on the infected plants which is known as the 'Matent*’ or “in- 
cubation*’ i)eriod. To account for the very high level of eflioiency exhibited 
by these vectors some workers postulate that the viruses multiply in the 
bodies of the insects, thus maintaimng the high virus content assumed 
necessary for the infection of successive healthy plants. The ** latent ** period 
is explained as being the time taken for the virus imbibed by the insects 
to reach an infective *’ concentration. As, however, there is no information 
as to the size of an infective dose of virus, as delivered by an insect, or the 
number of infective doses which it could contain, this assumption is by no 
means essential. It is rendered loss probable by the fact that the “latent” 
period is not decreased by increasing the quantity of virus available to the 
insects; for instance by prolonging the period of feeding on the infected 
plants (Freitag 1936). Also the facts that the degree of vector efficiency, 
and the length of time for which the vectors remain infective, are increased 
by increasing the feeding time on the infected plants, in those insects for 
which this treatment has been tested. Their efficiency therefore seems 
to depend rather on the quantity of virus which they acquire on feeding 
than on any subsequent process. 

Although in Table I the non-persistent viruses are fewer in number than 
the persistent it is highly probable that there are, in fact, more of the non- 
persistent than of the persistent type. There are many insect-transmitted 
viruses whose physical proj^ertios agree with those of the non-persistent 
type, but whose insect-virus relationships have not yet been determined. 
The number of non-sap-transmissible viruses, or those which are difficult to 
transmit mechanically, whose vector relationships are unknown is much 
smaller. This comparative neglect of the non-persistent viruses is easily 
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accounted for. When viruses are difficult to transmit mechanically, under- 
standing of the insect-virus relationships is essential to easy propagation of 
the viruses, and no progress can be made without it. When the viruses 
are readily sap-transmissible their proj^orties can more easily be deter- 
mined without the use of their vectors. Also the specific and obligate 
nature of the insect transmission observed for the persistent viruses has 
led workers to consider it as of particular complexity and interest whereas 
the superficial nature of the studies which have so far been made on the 
non-persistent type has led some workers to the conclusion that they are 
of minor interest. Other reasons for the lack of information on the insect- 
virus relationsiiips of the non-persistent viruses are that the vectors lose 
their infectivity rapidly, which makes complex experimentation difficult 
and tedious, and also lack of knowledge of the conditions necessary for 
optimum infectivity of the insects has led either to the use of large, 
unwieldy numbers of insects, or else to small and inadequate data. 

On the whole the non-persistent viruses, so far as their properties have 
been determined, form a more homogeneous group than the ])orsistent 
types. Their thermal death points and times of survival in expressed sap lie 
within a comparatively small range, and all are transmitted by a single 
family of the Hemiptera, namely the Aphididae. The vectors become 
capable of transmitting the viruses almost immediately after contact with 
the source of infection, and there is no indication of a ** latent’* jieriod 
between the infection feeding and effective transmission. This property, 
combined with the fact that the virus survives for only a short time in the 
fasting aphides, and an even shorter time if they are fed on a succession of 
healthy plants (Watson 1936; Osborn 1937) suggested to many workers 
that the transmission of the non-persistent viruses was effected me- 
chanically, merely by contamination of the outside of the stylets. Recent 
work, however (Watson 1936, 1938a), has shown that the relationship of 
at least one non-persistent virus, Hyoscyamua virus 3 , with its vector 
Myzus j)ersicae, cannot be explained in this simple way, Hy 3 virus was 
found to possess two remarkable properties. The first is that the efficiency 
of the vector was greatly increased by even short periods of fasting before 
feeding on the infected plants, and the second is that the vector efficiency 
of the aphides declines with increasing feeding time on the source of 
infection. In both these properties Hy 3 virus differs from the persistent 
type of virus. It has already been noted that the efficiency and duration of 
infectivity in the vectors of the persistent viruses is increased by increasing 
the infection feeding time. The optimum efficiency of these vectors there- 
fore follows a period of feeding and not of fasting. 
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Potato virus Y, and cucumber virus 1 behave in relation to their insect 
vectors in the same way as Hy 3 virus (Watson 1938&). Mr B. Kassanis, 
working in this department, has found that severe etch virus of tobacco is 
transmitted by aphides, and also responds to preliminary fasting of the 
vectors, and to variation in the infection feeding time in a similar manner 
to Hy 3 . Thus four out of the eight non-persistent viruses behave similarly 
in relation to their vectors, and it is not unreasonable to suppose that many 
others do so. 

As yet only aphid transmitted viruses have proved non-persistent, and 
none of the non-persistent viruses studied differ greatly from each other. 
There may of course be viruses which will not lit into the two groups 
defined in this paper. The red and yellow mosaics of raspberry (Bennett 
1932) apparently possess some properties ixjrtaining to both groups. Also 
there may be non-persistent viruses which do not show the ])reliTninary 
fasting and other effects which distinguish the viruses already studied, and 
such viruses might prove to be transmitted by purely mechanical means. 
But the fact that the non-persistent viruses so far studied are similar in 
their properties, and that the vectors are all Aphididae suggests that their 
transmission is not simply a fortuitous contamination of the insect’s 
stylets. Most of the evidence indicates that transmission of the non- 
persistent viruses is, on the other hand, a si3ecial attribute of a particular 
typo of virus and vector and is probably a complex and specialized process. 
This hypothesis accords with several other facts not explained by tlie hypo- 
thesis that the non-persistent viruses are transmitted by simple con- 
tamination of the stylets. The highly infectious viruses such as tobacco 
mosaic, cannot be transmitted by insects which readily transmit much less 
infectious and less stable viruses. This is understandable if the non- 
persistent viruses possess special properties w^hich are independent of their 
transmissibility by mechanical inoculation. 


2. Methods 

The methods used in these ex|)eriments were similar to those previously 
described (Watson 1936, 1938a), but the necessity for ro2)eating each 
operation with several species of aphides or strains of viruses, some of which 
required several aphides per plant to give adequate numbers of infections, 
made it impossible to use very accurate methods for controlling the times of 
feeding. Aphides fed in on atmosphere of high humidity nearly all pene- 
trate the leaves within 2 or '3 min. of being placed on them, and the 
difference between the effects of 2 and 4 min. feeding was small compared 

36-2 



548 


M. A. Watson and F. M. Roberts 


with that between 2 and 16 min., or longer periods. In the so-called “2 
min.” feeding groups of aphides were placed on the leaves in optimum 
feeding conditions, and removed after 6 min. Aphides not feeding in this 
time were not used. The 1 and 5 hr. feedings were also approximate though 
the 1 hr. feeding and fasting periods were never less than I hr. The loss of 
accuracy due to such variations was probably very small. Tobacco, being 
a common host of all the viruses was used in comparative experiments. 


3. VlHUSKS 

The viruses used were (a) Hyoscyamns virus 3, in three strains isolated 
by single aphides from the parent strain (6) potato virus Y, of one strain 
only, which was obtained from commercially grown Hyoscyamus^ and 
Hamilton described under the name of Hyoscyamtts virus 2 (1932), and 
(c) cucumber virus 1 in tw'o strains, originally isolated by Price {1934) 
and kindly supplied to the author by Dr Kenneth Smith. 

Although these viruses are similar in many of their properties they 
appear to bo unrelated. Inoculation of tobacco plants with potato virus Y, 
or cucumber virus 1 does not ])rotcct thorn against reinoculations with 
Hy3 virus, nor did previous infection with potato virus Y render them 
immune to reinoeulation with cucumber virus 1. Neither potato virus Y 
nor cucumber virus 1 showed any preeijntate when mixed with anti- 
serum prepared against Hy 3 virus, and potato virus Y anti-serum did 
not react with solutions of Hy 3 virus or cucumber virus 1 . 

Two strains of Hy 3 virus used in addition to the parent strain have been 
called “weak*’ Hy 3, or Hy3W, and yellow-spot virus, or Hy 38. The 
parent strain is distinguished os “virulent” Hy 3, or Hy3V (fig. 1, 
Plate 8). 

Hy 3W is avirulent towards tobacco, causing only a faint green mottle 
of the “vein-band” type (fig. 2, Plate 8). No symptoms are produced 
until the plants have been infected for at least 10 days, and in the very 
mild forms isolated by single aphides the symptoms may appear only 
after 3 or 4 weeks. Freshly extracted sap from such plants does not 
precipitate with Hy 3 anti-serum, which readily causes precipitation of 
freshly extracted sap from Hy 3V plants. When the sap from the Hy 3W 
plants is concentrated by repeated precipitations with ammonium sulphate 
and re-solution in a considerably smaller volume of water, it gives a pre- 
cipitate corresponding to that obtained with diluted sap from Hy 3V 
plants. 
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Plants could be protected from infection with Hy 3V virus by ])reviou8 
inoculation with Hy 3 W if the symptoms of the latter were well established , 
but this protection was incomplete, for local symptoms of the virulent 
strain could be obtained in any part of the plant not actually showing 
symptoms of Hy 3W. Hy 3V always eventually became systemic, though 
this sometimes took 6 or 8 weeks, and the ix^sulting infection was less 
severe than when the healthy plants wore inoculated with Hy3V only. 
Even Hy 3W infected plants which were not info(!ted with Hy 3 V showed 
isolated yellow patches of the virulent strain after many weeks of appar- 
ently unmixed infection, and later the symptoms of Hy 3 V became systemic, 
giving an appearance similar to that of mixed inoculation (fig. 3, Plate 8). 
In the early stages Hy 3W could bo I'ecovered from such plants by careful 
isolation of the green areas, or by the use of single aphides, whicih on the 
few occasions when they die! transmit the virus appealed to carry only 
one strain at a time. Plants infected by aphides rarely showed inter- 
mediate symptoms, such as were produced either by reinoculation with the 
virulent strain or by spontaneous appearance of Hy 3 V in the Hy 3W 
plants, or by inoculation with a mixture of infected saps consisting of equal 
quantities of untreated Hy 3W sap and Hy 3V sap diluted to 1/10,000. 

Hy 3S was called the “yellow-spot*’ strain because of its very distinctive 
symptoms (fig, 4, Plate 8). These took the form of isolated bright yellow 
spots on the inoculated leaves and bright yellow' fiecks on most of the other 
leaves. The older leaves generally became completely chlorotic and were 
difficult to distinguish from similar leaves of Hy 3V infected plants. The 
youngest leaves showed no, or few, yellow' flecks and contained very little 
virus. Sap taken from the chlorotic leaves, or from those w'ith a large 
number of yellow fiecks precipitated readily with Hy 3V anti-serum, but 
the plants as a whole contain less virus (see Table XVII), than Hy3V 
infected plants. Aphides that had fed on the yellow patches were very 
infective, but in practice several aphides w^ere used for each healthy jJant 
so as to be reasonably certain that one of the group would have fed on an 
infective area. With Hy 3W, however, single aphides were more satis- 
factory in comparative ex]ieriment8, because of the danger of the weak 
strain being masked by infection from aphides w'hich had fed on parts of 
the leaf developing local symptoms of Hy 3 V. This necessitated the um of 
so many healthy plants as to preclude the inclusion of Hy 3 W in the large 
comparative experiments. 

The two strains of cucumber virus used have been described by Price 
(1934). The green strain, cucumber virus IG apj)ears to be avirulent to- 
wards tobacco the symptoms being inconspicuous, especially in older 
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plants which have rather narrow deep green leaves with a rough leathery 
texture. The yellow strain of cucumber virus 1, strain 1 Y, gave much more 
conspicuous symptoms : large, pale, or yellowish areas on the leaves, the 
green areas being sometimes deformed. Actually there was less virus 2>er 
plant in the cucumber lY infected plants than in those infected with 
cucumber virus IG (see Table XVII) and the yellow strain was much the 
most difficult to transmit by means of aphides. The two strains appeared to 
be quite stable and independent. The green areas on chlorotic leaves from 
Y infected plants did not contain strain G, but strain Y could sometimes 
be isolated from small yellow patches which occasionally appeared on G 
infected plants. 


4. Design oy experiments 

As in previous experiments (Watson 1936, 1938a) factorial arrangements 
(Fisher 1934) were used, in w'hich all combinations of a number of groups 
of treatments were compared. These grou^m of treatments consisted of 

(1) Viruses, 

(2) Vectors, 

(3) Preliminary fasting times, 

(4) Feeding times on the infected plants. 

These groups could not all be included in every experiment and for 
those which contained several species of aphides and several viruses, only 
one variable treatment such os preliminary fasting or infection feeding time 
was given. The times of preliminary fasting and infection feeding used were 
determined from the results of previous experiments, in which a wider 
range of times had been tested. The times used were; preliminary fasting — 
none, 1 hr., and 4 or 6 hr.; infection feeding times — 2 min., 16 min., and 
1 or more hours. The number of hours used for the longest infection feeding 
times was a matter of convenience, for although the relation between 
infection feeding time and percentage infection was of the same ty^ie in all 
experiments, the position of the point of minimum infectivity varied. All 
experiments were repeated from seven to ten times at weekly intervals. 
Although the level of infectivity varied between occasions the differences 
between treatments were usually similar on all occasions. The single out- 
standing exception is noted later. 

Two types of experiment were used. ( 1 ) Comparisons were made between 
viruses and between vectors, and only one type of feeding treatment was 
varied (experiments I, II, Vo and VI). (2) The effects of both preliminary 
fasting and infection feeding time were determined for a single virus and 
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a single vector (experiments III, IV and V 6). In experiments of the second 
type, a control consisting of Hy 3 V virus transmitted by Myzua perskas and 
receiving only one treatment from the main experiment, was also carried 
out, so as to form an inde|^ndent check on the conditions affecting the 
infectivity of the vectors. 

In the first typo of experiment particularly, the number of aphides used 
per plant for the less virulent strains and loss efficient vectors were arranged 
so as to give numbers of infections comparable with those obtained for 
Hy 3V vinis and M, persicae, so as to ensure that all treatments should 
have comparable standard errors. The number of aphides used ])er plant 
w'as, however, limited by the sjKsed with which they could be manipulated, 
for with increasing numbers it became more difficult to time the treatments 
accurately. With very }>oor vectors, therefore, or viruses transmitted with 
difficulty, the numbers of infections obtained were often very small, 
although the number of aphides used per plant was increased to the 
practicable limit. 

The standard errors obtained from statistical analysis of the results are 
not given in the tables because the analyses were not done on the actual 
results but on the angular transformations of the figures whi('h give a 
better estimate of the errors involved (Fisher and Yates 1938). 

The experiments are not given in chronological order but in the order 
most convenient for discussion. Some of the arrangements used in those 
described first are based on information contained in experiments given 
later in the paper. The time of year at which they were made is given in 
the descriptions of the tables. In the descriptions of individual experiments 
only a very brief account of the significant results is given. The main effects 
and interactions are discussed collectively under separate headings. 


6. EXPKRIMJflNTS WITH M VZUS PRmiCAE AND MvXVS ClltCUMFLEXVS 

Experiment I, 

Variable factors: 

(1) Aphides: Jf. persicae, M. circumfleams. 

(2) Viruses: Hy 3V and Hy 3S, potato virus Y, cucumber virus IG. 

(3) Preliminary fasting times: none, 1 hr., 6 hr. 

Constant factors: 

(1) Feeding time on infected plants; 2 min. 

(2) Feeding time on healthy plants : 20 hr. 
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In experiments II and VI the same strains of viruses were used in testing 
the different aphides. In experiment I two different strains of Hy 3, namely, 
Hy 3V and Hy 3S, were used in testing respectively M. persicae and M. 
eircumflexu8. Hy 3S was used in the circumflexw section of this experi- 
ment because the information was needed for this particular strain, and had 
already been obtained for Hy 3 V. The results of exiwriment I are given in 
Table II. 

Table TI. Experiment 1. Effect of preliminary fasting on the trans- 
mission OP Hy 3 VIRUS, POTATO VIRUS Y AND CUCUMBER VIRUS 1 G, BY 
M. PKIISICAE AND M. ClUrrMFLRXt’S 

Five plnntH per treatment; repeated on ten occfwionM; September to December. 
Total, 60 plants i^r treatment. 

No. of Preliminary fasting times 
aphides ■ — * 


Vectors 

Viruses 

per plant 

None 

1 hr. 

6 br. 

Total 

ikf • persicae 

Hy3V 

1 

7 

20 

38 

61 


Potato Y 

1 

2 

17 

31 

60 


Cucumber IG 

3 

5 

10 

15 

30 


Total 


14 

63 

84 

141 

M, eircumflexus 

Hy 3S 

3 

4 

11 

20 

36 


Potato Y 

1 

2 

3 

11 

16 


Cucumber IG 

3 

4 

8 

13 

25 


Total 


10 

22 

44 

76 


Total 


24 

76 

128 

217 


For all aphides and viruses the infectivity increased considerably with 
increasing time of preliminary fasting. The two aphides differed in vector 
efficiency, and this varied with the different viruses and on different 
occasions. 

Experiment II. 

Variable factors: 

(1) Aphides: M. peraicae, M. eircumflexus. 

(2) Viruses: Hy 3V, potato virus Y, cucumber virus IG. 

(3) Infection feeding times; 2 min., 16 min., 4 hr. 

Constant factors: 

(1) Preliminary fasting time: 1-2 hr. 

(2) Feeding time on healthy plants; 20 hr. 

The results are given in Table III. 
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Table III. Experiment II. Effect op varying infection feeding times 
ON transmission of Hy 3V virus, potato virus Y and cucumber 

VIRUS IG, BY M. VEIiSIVAh: AND M. riJiCUMFLE.WS 

Fivo plant!) por treatment; ropoatcul on nin« occasionH; March to May. Total, 
45 plmits per treatment. 


No. of Infection foocling times 
aphides 


Vectors 

Viruses 

per plant 

2 min. 

15 inin. 

4 hr. 

Total 

M, persicae 

Hy 3V 

1 

34 

18 

5 

57 


Potato Y 

1 

25 

15 

5 

45 


Cucuinlier ICl 

3 

Id 

10 

1 

39 


Total 


78 

52 

11 

141 

M, circumflexiLs 

Hy 3V 

1 

2i 

10 

2 

33 


Potato Y 

1 

9 

5 

0 

14 


Cucumber lU 

3 

30 

25 

3 

67 


Total 


69 

40 

6 

114 


Total 


147 

92 

16 

255 


Increase in the times of feeding on the infected plant decreased tlie 
vector efficiency of both aphides with all the viruses. As in Exp. I the 
vector efficiency of the different aphides differed as did the infectivity of 
the viruses. The difference in vector efficiency between aphides was least for 
cucumber virus I G. 

Before most of the exiieriments with vectors and viruses whose properties 
wore unknown, tests w’ere carried out to determine the numbers of aphides 
per plant needed to give adequate numbers of infocitions. With the other 
viruses these tests were comparatively short and simple as the viruses w'ere 
readily transmissible by small numbers of aphides. The large numbers 
needed to transmit cucumber virus 1 Y, however, made the preliminary 
tests with this virus rather more elaborate, and it is interesting to compare 
the results with those of previous tests made in a similar way with Hy 3 V 
virus and M. persicae (Watson 1936 ). Jn the jirevious exiK^riments aphides 
fed on virus infected plants were placed on the healthy plants in groups of 
1 , 5 , 10 and 20 aphides. From the results a maximum likelihood value was 
obtained for the probability of infection by a single aphid, on the assump- 
tion that the infections wore local and inde{>endent. Values thus calculated 
for the other numbers of aphides used agreed closely with the actual 
results of the experiment. The results of the experiment therefore agreed 
with the hypothesis that the infections were local and independent, and 
not that they were the result of accumulation in the healthy plants of 
small, aubinfective doses of viruses, injected by insects which individually 
would not have caused infection. 
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Table IV. Distbibittion of infection fob aphid oboups of vabyino 
ni;mbeb. Cucumbeb vibos 1 Y tbansmitted by M. pbrswak 


No. of aphides per plant 

1 

5 

10 

20 

No, of plants infected out of 90 

1 

6 

15 

26 

ExjKMsted number if 1 — Q = 0*017 

2 

7 

14 

26 


1 ~ Q = probability of infection by a ningle aphid. 

The results of a similar experiment with cucumber virus 1 Y are given in 
Table IV. They differ from the Hy 3 V results previously obtained in that 
only one insect out of 90, in the single aphid group, succeeded in transmitting 
the virus. It might be supposed that this was merely an accidental” 
infection, and that one ajihid being unable to take up enough virus to cause 
infection, several infective aphides together were necessary, i.e. that the 
infections were cumulative, and not iridei>ondent of each other. However, if 
the figures be examined by the method used for the 1936 experiment, no real 
difference is found between the two sots of data. The estimated probability 
of infection by cucumber virus 1 Y for a single aphid is 0-017, that is, 17 
aphides in every thousand carry an infective dose. The numbers of in- 
fections obtained by larger numbers of aphides on smaller numbers of 
plants can be calculated from this figure, assuming that the infections are 
local and indeixjndent. The numbers expected for the numbers of aphides 
and plants used in the experiment are given in the second line of Table IV, 
and do not differ significantly from the figures actually obtained; tKere is 
no reason to doubt the truth of the hy|)othesis of local and independent 
infection. In addition to this, as in the 1936 experiments, a further test 
can be applied. If the aphides were capable of causing infection by the 
introduction into the plants of a number of subinfective doses of virus, 
then as the aphid number increased smaller and smaller quantities of virus 
would be utilized in causing infection. Aphides which contained in- 
sufficient virus to infect a plant in a group of five, might do so in a group of 
ton, and so the figures actually obtained with the higher numbers of aphides 
would be considerably above those estimated on the assumption that the 
infections are local and independent. In actual fact the highest figures 
obtained were a fraction smaller than the estimated figures, though not 
significantly different. The possibility of infection being caused by accumu- 
lation of subinfective doses is therefore remote. Storey ( 1938 ) has found a 
similar result for experiments on the transmission of streak disease of 
maize by Cicadulim mbila. 

As a preliminary to determining the infectivity of cucumber virus 1 Y 
with different vectors and in varying conditions the results of this experi- 
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ment were not very promising, for it was carried out in conditions of 
preliminary fasting and infection feeding, which were optimal for Myzna 
persicae — so far the most efficient of the three vectors. It was obvious that 
at least 100 aphides would be needed on each occasion, for each treatment, 
to ensure infection in optimum conditions even with M. persicae^ and this 
number was impracticable for use in more complex experiments. Some 
attempts were made to include cucumber virus lY in the comparative 
experiments with smaller aphid numbers but the number of infections 
obtained was almost negligible. The only adequate results with this virus 
were obtained in experiment III, which had the following treatments: 

Variable factors: 

(1) Preliminary fasting times: none, 1 hr., 4 hr. 

(2) Infection feeding times: 2 min., 15 min., 4 hr. 

Constant factors: 

(1) Vector; M. persicae, 

(2) Virus: Cucumber virus 1 Y. 

(3) Feeding time on healthy plants : 20 hr. 

The 100 aphides used for each treatment were distributed over ton plants 
per treatment in groups of ten. The results are given in Table V. 

Table V. Experiment ITT. Effect of preliminary fasting, and infec- 
tion FEEDING TIMES, ON THE TRANSMISSION OF ('OriTMBER VIRUS 1 Y, 
BY M, PERSJCAE 

Ten aphides per jilant; ton i)lHnts jior troatmf»nt repeated on six occasions; 
January and February. Total, fiO plants per troatmt»nt. 


Preliminary 

Infection fe'eding times 


fasting 


* - — 

— 


times 

2 min. 

15 min. 

4 hr. 

Total 

None 

2 

1 

0 

3 

1 hr. 

2 

5 

0 

7 

4 hr. 

3 

7 

1 

11 

Total 

7 

13 

1 

21 


Allowing for the difference in transmissibility of the virus, and the con- 
sequent increase in the experimental error, the results of experiment III agreed 
with thoseobtainedfor cucumber virus iGin experiments I and II. The vector 
efficiency of the aphides increased with increasing preliminary fasting times, 
and decreased with increasing infection feeding times. As with cucumber 
virus 1 6 the relative rate of decrease for infection feeding times differed 
from that of the other viruses. These differences will be discussed later. 
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Experiment IV. 

Variable factors; 

(1) Preliminary fasting: none, 1 hr., 4 hr. 

(2) Infection feeding times: 2 min., J5 min., 4 hr. 

Constant factors : 

(1) Vector: M. persime, 

(2) Virus: Hy 3S (yellow -spot strain). 

(3) Feeding time on healthy plants; 20 hr. 

This experiment was designed to show the effect of the standard pre- 
liminary fasting and infection feeding treatments on the virus when 
transmitted by M, peraicae. The relationshij) of Hy 3S to the other viruses 
and vectors wore partly determined by including it in experiment I. The 
results of exf)eriiiient III are given in Table VI. 

Tablk VI. Expertmknt IV. Effect of preliminary fasting and infec- 
tion FEEDING TIMES ON TRANSMISSION OFHy 3S VIRUS, BY M, h^EliSlCAt: 

Five aphidoH per plant; five plants jmt troatmeiit, ro[M*atod on ten occasions; 
Juno-Septomber. Total, 50 plants per treatment. 


Preliminary 

infection foiMimg times 


fiiHiing 

, ■■ .. 




times 

2 mm. 

16 mm. 

4 lir. 

Total 

None 

5 

8 

9 

22 

1 hr. 

28 

15 

7 

50 

4 hr. 

31 

24 

1.3 

68 

Total 

64 

47 

29 

140 


As five aphides were used per plant largo numbers of infections were 
obtained for the optimum treatments. The effects of varying preliminary 
fasting and infection feeding times were very similar to those obtained with 
Hy 3V virus when transmitted by M. persicae. 

6. Experiments with Mvxxrs vKmicAK and MAcminivnuM ati 

The original purpose of the experiments with Macrosiphum get was to 
compare its efficiency in transmitting the different viruses with that of 
other vectors using all the viruses with variations in both preliminary 
fasting times and infection feeding times. But if. gei seemed to reproduce 
more slowly than the other aphides, and so many were required for each 
experiment that the stock cultures became reduced and first one and then 
another section had to be discontinued. The results from this incomplete 
series of comparisons are presented in two parts, experiments V and VI. 
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Experiment V contains results from those sections for which variations in both 
preliminary fasting and infection feeding were gi ven. Experiment VI contains 
the sections in which only infection feeding was varied, and the preliminary 
fasting time was constant. Exiwnment VI also includes results for the corre- 
sponding preliminary fasting times from exiKjrimcnt V. The data from each 
experiment are further subdivided so that for wider ranges of treatment the 
tables include only strictly comf)arable results, but where some treatments 
have been repeated more frequently than others, all the data are included. 
Thus ex|)criment V a conttiins the data for Ily 3 virus and potato virus Y 
compared as to the effects of |)reliminary fasting and infection feeding on 
only four occasions. Ex))eriment Vb gives the totals for seven repetitions 
of the same treatments for Hy 3 virus only. 

The treatments used in Exp. V are as follows : 

Table VIT. Expebtmknt V a. Effe(3T of PRELtMiNARy pa.sting and infec- 
tion FEEDING TIMB.S ON THE TBA N.SMISSION OF Ifv 3 V VIBDS AND POTATO 
VIRUS Y BY M ACItOSIVUU M OKI 

Throo aphides per plant, five plants per treatment repeated on four occasions; 
May-Junc. Total, 20 plants per treatment. 



Infection feeding times 


Preliminary 






fasting times 

2 iiiin. 

15 rnin. 

5 hr. 

Total 

Ky 3V virus None 

1 

0 

0 

I 

1 hr* 

3 

1 

1 

5 

5 hr. 

4 

1 

2 

7 

Total 

8 

2 

3 

13 

Potato virus Y None 

2 

3 

1 

6 

1 hr. 

8 

3 

0 

11 

5 hr. 

7 

1 

1 

9 

Total 

17 

7 

2 

2« 


Table VIIT. Experiment Vb. Effect of pbeli,minaby faj^ting and infec- 
tion FEEDING TIMES ON THE TRAN.SMISSION OF Hy 3 V VlBtJ.S BY MacUO- 
StPUUM OKI 

Tliroo aphides per plant; five plants jmt treatment, rcjicated on seven occasions 
including four from Table VTI. May-July. Total, 35 plants per treatment. 


Preliminary 

Inff'ction feeding times 


fasting 





times 

2 iriin. 

15 min. 

4 hr. 

Total 

None 

1 

0 

0 

1 

1 hr. 

7 

1 

1 

9 

3 hr. 

7 

2 

2 

11 

Total 

15 

3 ' 

3 

21 
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Variable factors: 

(1) Viruses: Hy 3V, potato virus Y. 

(2) Preliminary fasting times: none, 1 hr., 4 hr. 

(3) Infection feeding times: 2 min., 15 min., 3 hr. 

Constant factors ; 

(1) Vector: Macroaiphum gei. 

(2) Feeding time on healthy plants: 20 hr. 

The results are given in Tables VII and VIII. 

M, gei showed an increase in vector efficiency with increasing preliminary 
fasting time up to 1 hr. and a rapid decrease with increasing infection feeding 
times from 2 to 15 min. In these relative rates of increase and decrease of 
vector efficiency M, gei seems to differ slightly from the Myzus si^ecies. 

Exp. VI. 

Variable factors; 

(1) Apliides: Macrosiphum gei^ Myzus peraime. 

(2) Viruses; Hy 3 V, potato virus Y, cucumber virus 1 G. 

(3) Infection feeding times: 2 min., 15 min,, 5 hr. 

Constant factors : 

(1) Preliminary fasting: 1 hr. 

(2) Feeding time on healthy }>lants: 20 hr. 

The results of this experiment are given in Tables IX, X and XI. 

Table IX. Experiment VI a. Effect of varying infection feeding 

TIMES ON THE TRANSMISSION OF Hy 3V VIRUS, POTATO VIRUS Y AND 
CUCUMBER VIRUS 1 G, BY MyZIS PKltSlVAK AND MaCHOSIPHUM OK! 

Five plants per tmatnu^nt; seven occasions. May-July. Total, 35 plants per 
treatment. 


No. of Infection feeding times 
aphides - 


Vectors 

Viruses 

per plant 

2 min. 

15 min. 

5 hr. 

Total 

Myzus peraiem 

Hy3V 

1 

21 

11 

3 

35 


Potato Y 

1 

16 

7 

2 

25 


Cucumber IG 

3 

11 

8 

1 

20 


ToUl 


49 

26 

6 

80 

Macfosiphum gei 

Hy3V 

3 

5 

1 

1 

7 


Potato Y 

3 

7 

3 

2 

12 


Cucumber IG 

3 

2 

0 

0 

2 


Total 


14 

4 

3 

21 


Total 


63 

30 

9 

101 
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Table X. Exfekiment VI b. Transmission ojt Hy 3V virus and potato 
VIRUS Y. Treatments as in Table IX, and data from Table TX 

INCLUDED 

Nine repetitions; May-July. XutAl, 45 plants per treatment. 

No. of Infection feeding times 
aphides • 


Vectors 

Viruaoa 

per plant 

2 min. 

15 mill. 

5 Ilf. 

Total 

Myzua persicae 

Hy 3V 

1 

2H 

15 

3 

44 


Potato Y 

1 

18 

10 

2 

30 


Total 


44 

25 

5 

74 

Macrosip?ium gei 

Hy3V 

3 

7 

1 

1 

9 


Potato Y 

3 

12 

4 

2 

18 


Total 


19 

5 

3 

27 


Total 


64 

30 

8 

102 


Table XI. Experiment Vic. Transmission of Hy 3V viri's by 
uEi , Including data from Table IX. Other 

TREATMENTS AS IN TaBLE IX 

Twelve repetitions : May-August. Total, HO plants p('r titMitmont. 

No. of Infection feodmg times 
aphides ^ ■— s 


Aphides 

per plant 

2 min. 

15 min. 

6 hr. 

Total 

Myzus peraietze 

1 

39 

21 

5 

65 

Macroaiphum get 

3 

n 

2 

2 

15 


Total 

50 

23 

7 

80 


The vector efficiency of Macroavphum gei was always much lower than 
that of the Myzua persime controls, and, as with M, persicae, transmission 
of cucumber virus lO was’ very much less efficient than that of Hy 3V. 
Between Hy 3 V and potato virus Y, however, the positions were different, 
for jiotato virus Y, which is loss readily traasmitted by M. persicae and 
M, circumflextLs than is Hy 3V virus, seemed to give more infections than 
Hy 3V when transmitted by Macrosiphttm gei. The difference is not 
significant, but even if the number of infections obtained by if. gei with 
Hy 3V virus and potato virus Y were equal, this is still contrary to the 
findings for the other vectors. 

7. Experiments with Hy 3W virus 

Reasons have already been given for the non -inclusion of Hy 3 W in th e 
complex experiments. The results given in Table XII are taken from a 
number of isolated experiments, in some of which shorter preliminary 
fasting, or longer infection feeding times were given in addition to those 
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included in the table, but which gave no infections. The indications are 
that the response of Hy 3 W to these treatments is similar to that of Hy 3 V 
and Hy 3S, but a very large experiment would have to be carried out to 
determine its magnitude accurately. 

Table XII. Aphii) TftANSMi.s.sioN ok Hy 3W virus, with varying 

’ CONDITIONS AND APHID NUMBER 


No. of l>ro- 

No. of plants limiiiary InfcHstion No, of 


Virus 

Aphid 

ajihidoH 

used 

fasting 

fcoiling 

infections 

Hy3W, 

Myzus peraicae 

2 

30 

3 hr. 

2 mm. 

2 

Hy 3V 

«t 

1 

30 

3 hr. 

2 rnin. 

21 

Mixe<l infection \ 

1 

30 

3 hr. 

2 min. 

/13Hy 3V, 

Hy3WimdHy3V/ » 

\ lHy3VV 

Hy 3W 

M. peraicae 

3 

15 

1 hr. 

2 rnin. 

2 

>• 


3 

15 

1 hr. 

1 5 min. 

1 

>9 

** 

3 

15 

1 hr. 

3 hr. 

0 

Hy 3W 

Al. circumJlexiLH 

3 

16 

1 hr. 

2 min. 

0 

i> 

99 

3 

15 

1 hr. 

15 min. 

0 

99 

99 

3 

16 

1 hr. 

3 hr. 

0 

Hy3\V 

peraicae 

1 

45 

3 hr. 

2 min. 

1 

>» 

99 

2 

15 

6 hr. 

2 min. 

1 


The main interest of the results given in Table XII lies in comparing 
them with the figures for transniissibility of Hy 3V virus and w'ith the 
infectivity of both strains as determined by local lesion counts (see § 6). 
No comprehensive studies have been made on the transmissibility of 
Hy 3W virus by Myzus circumjlexua and Macroniphum get but both these 
vectors are very inefficient. 


8. Individual treatment effects 
(a) Preliminary fasting times 

An increase in vector efficiency corresponding with increase in the times 
for which the aphides fasted before feeding on the infected plants was 
shown by all the aphides in their transmission of all the viruses. Table XIII 
gives the results for the different experiments with each virus and vector, 
and the means for all experiments where more than one was made on the 
same virus and vector. The results are expressed as percentages of plants 
infected, and where more than one aphid per plant was used the per- 
centage infection by a single aphid per plant has been calculated, so that the 
comparisons could be made on a uniform basis. Some of the data for Hy 3 V 
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Table XIII. SIffbot of time of infection feeding compared fob all 
APHIDES and viruses. PERCENTAGE INFECTION BY ONE APHID PER 
PLANT 


Where more than one aphid wii« iieed in the experiments, the percentage infeotivity 
for one aphid per plant was calculated as 100(1 — Q), whore Q* is the observed prob- 
ability of infection for X aphides per plant. 


Myzvs peraicae 




- — - 




Alyzua 

Macro- 



Previous 

Present 

circum~ 

aiphum 


Pre- 

exps. (1938) 

exps. (1939) 

jUxus 

gei 


liminary 



‘ . 



— 

(1939) 

(1939) 

Viruses 

fasting 

III 

IV VHI I 

Moan 

Exp. I 

Exp. V 

Hy3V 

Nono 

8 

30 14 

19 

15 

7 

0-6 


1 hr. 

42 

53 .52 

53 

50 

19 

4 


6 hr. 

54 

73 76 

67 

65 

33 

5 






Exp. IV 

Exp. I 


Hy 3S 

Nono 




2 

3 



1 hr. 




15 

8 



6 hr. 




18 

15 





Mitchell 








(1937) 

Exp. I 

Mean 

Exp. I 

Exp. V 

Potato Y 

Nono 


5 

4 

5 

4 

3 


1 hr. 


22 

34 

27 

6 

9 


6 hr. 


28 

62 

40 

10 

6 



Exp. VllI 

Exp. I Mean 

Exp. I 

Cucumber 1 G None 

2 

3 

3 

3 

1 hr. 

8 

7 

8 

6 

5 hr. 

12 

11 

12 

10 


Cucumber lY None 
1 hr. 
5 hr. 


Exp. Ill 
0-2 
0*8 
1*2 


and potato virus Y belong to experiments the results of which have been 
published previously (Watson 1936, 1938a; Mitchell 1937), and one, 
experiment VIII, which has not been iiublishod in detail. 

The results are taken from those sections of the experiments in which 
the optimum infection feeding times of 2 or 16 min. had been given. 

Although in different experiments the percentage of infections for 
corresponding preliminary fasting time is variable, the relation between the 
percentage infections for different fasting time is fairly uniform for all 
viruses and for the vectors Myzus persicds and M . circutnflexus. There is no 
recognized method which can be used for testing the uniformity of data 
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of this kind. Such statistical examination as has been attempted, e.g. by 
using a modification of the test, have so far indicated that the data are, 
in fact, uniform, but no accurate estimate of the relations between the 
results for differont preliminary fasting times have been made. The pro- 
portions suggested below are merely a convenient way of presenting the 
information obtained from a general survey of the results. 

The increases from zero to 1 hr. fasting and from 1 to 5 hr. are related 
to each other in the approximate proportion 1:3:5. In some of the 
previous experiments a wider range of preliminary fasting times were 
used, and if these figures are included the proportion becomes: 

Preliminary fasting times: none 16 min. 1 hr. 4-6 hr. 12 hr. 

Ratio of percentage infection: 1 2 3 6 6* 6 

The results for Macrosiphum get when transmitting Hy 3V virus and 
potato virus Y, differ from those for Myzns persicae and M, circumfleru^ 
in that the relations between the results for the different preliminary 
fasting times are approximately in the proportion of 1 : 5 : 5 showing a 
more rapid increase from none to 1 hr. preliminary fasting, and none 
between 1 and 6 hr. 

(6) Infection feedirig time 

The vector efficiency of all the aphides decreased with increasing feeding 
time on the infected plants if preliminary fasting had been given. The 
percentage infections for individual experiments, and the means for all 
experiments, are given in Table XIV. Like Table XIII, Table XIV con- 
tains data from some experiments published previously (1938a) and one set 
from an experiment carried out by Mitchell (1937). Where more than one 
aphid per plant was used the calculated probability of infection by one 
aphid })or plant is given, as in Table XIII. 

The difficulties of estimating the uniformity of the data and the relation- 
ship between the results for different infection feeding times are the same 
as for the preliminary fasting times, but as in the previous section there 
is one group of aphides and viruses for which the data appears to be 
uniform. The aphides are M. circumflexus and Jf. persicae^ and the 
viruses Hy 3 V and S and potato virus Y. For these vectors and viruses 
there seems to be a considerable loss of infectivity during the first 15 min. 
of feeding; between 15 min. and 1 hr. the decrease is less rapid. The closest 
approximation to the relation between the percentage infection for the 
three feeding times is 5:3:1. Previous experiments with Hy 3V and 
potato virus Y have shown that the percentage of infection does not 
decrease further if the feeding time is continued for longer periods than 
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1 hr. At this point, or sometimes a little later, the efficiency of the vectors 
seems to roach a x>ermanent low level, or in some experiments (Watson 
1936, 1938a) increased slightly when 6 or 12 hr. of infection feeding had 
been given. In these experiments the relation between the results for 
different infection feeding times was approximately as follows : 

Infection feeding times: 2 min. 5 min. 15 min. 1 hr. 6 lir. 12 hr. 

Ratio of percentage infection : 5 4 3 11-5 2 

Table XIV. Effect of infection feeding times compared for all 

APHIDES AND VIRUSES. PERCENTAGE INFECTIONS FOR ONE APJIID PER 
PLANT, CALCCLATED AS IN TaBLE XIII 


A/, pcrnicae 









^ 

A/. 






Previous oxps. Present oxps. 

circuni’ 


A/, tjei 







^ 



flcjnat 


(• 939 ) 





(1938) 

(« 939 ) 


(1939) 

— 

, 




Infoction 


, ■ 

. . — 

— 

— 

Exp. 

Exp. 

Exp. 


Virufles 

feeding 

(1936) 

I 

n II 

VI 

Mean 

It 

V 

VI 

Moan 

Hy 3 V 

2 min. 

59 

72 

65 65 

75 

66 

47 

6 

7 

7 


15 min. 

34 

32 

43 35 

40 

36 

22 

1 

1 

1 


5 hr. 

11 

12 

18 23 

11 

13 

4 

1 

1 

1 







Exp. 











IV 





Hy 3 S 

2 min. 





18 






15 min. 





12 






6 hr. 





4 









(* 939 ) 









Mitchell 

. • — 











Exp. 

Exp. 


Exp. 

Exp. 

Exp. 




(1937) 


11 

VI 

Mean 

II 

V 

VI 

Mean 

Potato Y 

2 min. 

33 


55 

40 

38 

20 

10 

14 

12 


15 min. 

25 


33 

22 

26 

11 

3 

3 

3 


5 hr. 

7 


11 

4 

8 

0 

1 

1 

1 




1939 oxps. 














. 




Exp. 



H 

Via VII 

VIII 

Mean 




VI 

Cucumber IG 

2 mill. 

17 

12 

12 

8 

12 




2 


15 mm. 

17 

6 

9 

10 

11 




0 


6 hr. 

1 

1 

1 

3 

2 




0 







Exi>. 











Ill 





Cucumber lY 

2 min. 





0-6 






15 min. 





1-2 
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The outstanding exception among the viruses to this uniformity of 
response to varying infection feeding times was cucumber virus 1. When 
transmitted by M, persicae this virus sometimes failed to show any 
decrease in infectivity between 2 and 15 min. infection feeding. This effect 
can be seen for cucumber virus IG in the results of experiment II, and in 
experiment VIII whose results are not given in detail. It appears in the 
analyses of variance as interaction between aphides and viruses, which is 
significant in experiment 11. Even in this experiment, however, the results 
are not absolutely uniform, and on some occasions . persicae showed witli 
cucumber virus 1 G a decrease in vector eflBciency corresponding to that of 
JIf. circnmflexns, which, throughout all the experiments, behaved with 
cucumber virus IG, exactly as with Hy 3 and potato virus Y. 

Experiment VII was carried oxit to determine if the result depended on 
the age of the leaves which were used os a source of infection, bxit in these 
tests the decrease in vector efficiency with increasing infection feeding 
time show'ed the typical 5:3:1 ratio and there was no difference for 
leaves of different ages from the same infection plant. In experiment VIa 
the decrease for infection feeding times was also typical. However, a fourth 
series of tests, experiment VIIT, w as carried out in the spring of 1939, also 
with cucumber virus IG, and in those M. persicae again failed to show any 
decrease in vector efficiency between 2 and 16 min. of infection feeding. 
The same effect is seen in the results of experiment III (Table V) in which 
the percentage of infection with cucumber virus I Y w'os nearly doubled 
when the infection feeding was increased from 2 to 15 min. 

There is little doubt that in those experiments where this effect occurs 
it is not duo to chance, but as it does not always occur it provides no 
evidence of a fundamental difference between the viruses in their response 
to conditions introduced by the vectors. It is more probable, as is sug- 
gested in § 10, that temporary conditions in the host plant may affect the 
localization of cucumber virus 1 , and its availability to M, persicae, 

Macrosiphum gei again seems to behave differently from the other 
insects with all the viruses. The decrease in infectivity of the insects was 
very rapid between 2 and 15 min, infection feeding, and negligible with 
longer infection feeding. The relation between the results for the different 
infection feeding times was approximately in the j>roportion of 6 : 1 : 1, 
which is in striking contrast to the typical” ratio of 5 : 3 : 1. Taken in 
conjunction with the very large difference in general vector efficiency 
between M, gei and the other aphides the differences in the effects of 
preliminary fasting and infection feeding may be of importance, even if 
they were not individually significant. 
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(c) Experimental conditiona 

The effect of external conditions on the efficiency of the vectors and 
infectivity of the viruses can be observed in the variation between the 
weekly repetitions of each exx>eriment. It has already been stated that the 
accuracy of the experiments was increased by repeating many treatments 
on a large number of occasions, not by testing one treatment at a time on a 
large number of plants. The reason for this is quite obvious from con- 
sideration of the individual weekly totals for experiments I and II which are 
given in Tables XV and XVl. 


Table XV. Experiment I. Individual weekly totals for all 
PRELIMINARY FASTING RESULTS (SER TabLE II) 


No. of 
aphides 

per OccAsicms 


Vectors 

Viruses 

plant 















1 

2 

3 

4 

5 

6 

7 

8 

9 

10 Total 

Myzus 

Hy 3V 

1 

5 

5 

5 

8 

6 

10 

8 

12 

8 

5 

61 

persicae 

Potato Y 

1 

6 

5 

3 

5 

4 

6 

5 

8 

6 

2 

60 


Cuciimlwr 1 (j 

3 

3 

1 

0 

5 

4 

6 

1 

4 

4 

2 

30 


Total 


14 

11 

8 

18 

13 

21 

14 

24 

18 

9 

141 

Myzaa 

Hy 3S 

3 

5 

0 

4 

3 

i 

1 

7 

3 

6 

3 

36 

circumjlexu9 

Potato Y 

1 

1 

3 

1 

2 

3 

0 

4 

0 

1 

1 

16 


Cucumber 1 

3 

1 

1 

0 

2 

2 

4 

7 

2 

3 

3 

26 


Total 


7 

3 

5 

7 

9 

6 

18 

5 

9 

7 

70 


Total 


21 

14 

13 

26 

22 

26 

32 

29 

27 

16 

217 


Table XVI. Experiment II. Individital weeklv totals for all 
PREUMINARY FASTING TIMES (SEE TaBLE ITI) 


No. of 

aphides Occamoiis 


Vectors Viruses 

per 

plant 

1 

2 

3 

4 

6 

6 

7 

s 

9 

Total 

Myzua Hy 3V 

1 

7 

9 

3 

6 

4 

10 

6 

5 

7 

67 

peraicM Potato Y 

1 

7 

6 

5 

4 

4 

8 

4 

6 

1 

45 

Cucumber 1 G 

3 

3 

7 

4 

7 

1 

5 

4 

3 

5 

39 

Total 


17 

22 

12 

17 

9 

23 

14 

14 

13 

141 

Myzua Hy 3V 

1 

1 

5 

2 

5 

0 

5 

8 

3 

4 

33 

circumflexiia Potato Y 

1 

1 

1 

0 

2 

2 

1 

4 

2 

1 

14 

Cucumber 1 G 

3 

0 

7 

7 

11 

5 

7 

7 

9 

8 

67 

Total 


8 

13 

9 

18 

7 

13 

19 

14 

13 

114 

Total 


25 

35 

21 

35 

16 

36 

33 

28 

26 

255 
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Although the totals indicate that Myzua persicae is usually the more 
efficient vector, on several occasions, namely occasion 7, Table XV, and 
occasions 4, 7 and 8, Table XVI, M, circumflexua did better than M. 
persicae. This interaction between occasions and the difference between 
M, persicae and M. circumflexus was significant in Exp. II and approached 
significance in Exp. I. On the other hand when M, persicae was compared 
with Macrosiphum gei in transmitting the same viruses, the difference in 
infectivity between the two aphides was more or less constant. 

The most probable explanation of this result is that the two species of 
Myzus react differently to external conditions. The conditions most likely 
to affect the insects are those of temperature and humidity, and, as all the 
feedings were made in a nearly saturated atmosj>hore, temperature most 
probably accounts for the variation observed. It is not unlikely that the 
two insects are differently affected by temperature for the natural habitat 
of Myzus persicae is out of doors, and it is known to be adversely affected 
by high temperatures. M, circumflexus only lives in glasshouses, and 
probably prefers higher temperatures than M, persicae, Macrosiphum gei 
is also an outdoor aphid and might be expected to respond favourably to 
the same conditions as Myzus persicacy which accounts for the fact that 
their vector efficiencies vary between occasions in a similar manner. 


9. Relative efficiencies of the aphides compared with the 

INFECTIVITY OP THE VIRUSES AS DETERMINED BY LOCAL 
LESION COirNTS 

The relative quantities of virus in a solution may be determined in a 
variety of ways. With virus which has not been treated so as to be partially 
inactivated the most accurate is probably the serological method. It is 
generally accepted also that the infectivity of untreated sap from virus 
infected plants depends upon the quantity of virus which they contain, 
and this infectivity is generally determined either by local lesion counts, 
or by whole plant inoculations with varying dilutions of the sap. The close 
correlation between the results obtained by these three methods is strong 
indication that the “infectivity” measured in each case is the same thing, 
even though the last two methods are only empirical and are subject to 
large errors which cannot be controlled. 

Determination of the infectivity of a group of aphides by the methods 
used in the present experiments is a similar process to determining the 
infectivity of a virus solution over a series of whole plant inoculations, 
because both depend on the proportion of plants which receive sufficient 
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virus to cause infection. However, there is no a priori reason for assuming 
that the infectivity of a group of aphides after feeding on an infected plant 
bears any relation to the infectivity of a sample of sap extracted from the 
some plant as measured by the local lesion count, whole plant inoculation 
or serological methods. The results already given show that the infectivity 
of an aphid group is not strictly comparable with that of the corresponding 
virus solution, for though the infectivity of the aphides undoubtedly 
depends to some extent on the quantity of virus available in the plant, 
there are many intervening factors which affect their efficiency, causing poor 
transmission of a very highly infective virus by such a vector as Macro- 
siphum geA, and comparatively successful transmission of a less infective 
virus if the vector is more efficient. 

Table XVII gives average counts of the number of local lesions ])er half 
leaf for varying dilutions of the different viruses and strains, compared with 
each other and with Hy 3V virus. The counts were all of “starch ” lesions, 
i.e. local concentrations of starch which are left at the points of entry of 
the viruses into the rubbed leaves, and which can bo distingiiished when 
the leaves are de-starched, decolorized, and stained with iodine. None of 
the viruses used forms necrotic local lesions which can be counted on the 
living loaf, except in exceptional circumstances. The arrangements used 
in the tests were similar to those described previously (Watson 1936). 
Where only two viruses were compared they wore inoculated into a series 
of opposite half leaves, and where several were compared a randomized 
block arrangement of half leaves, using upper and lower leaves as “blocks” 
was used. Two or three sets of results are given for most of the comparisons, 
so as to give an idea of the variation between exjjeriments. The last three 
columns in Table XVIIgive the mean f>ercentage infectivity for one aphid per 
plant in optimum conditions of preliminary fasting and infection feeding. 

Hy 3 V virus seems to be the most infective according to the local lesion 
counts, and the most readily transmitted by all the vectors except M. gei. 
It is therefore convenient to consider the infectivity and transmissibility 
of the- other viruses and vectors using Hy 3 virus and Myziis perricae as 
standards and Table XVIII has been constructed from the results given 
in Table XVII. In this table the infectivities of the viruses according to the 
local lesion counts have been expressed os percentages of the lesion count 
infectivity of Hy 3V virus, and the efficiencies of the aphides with the 
different viruses, as percentages of the average number of infections given 
by M, persicae with Hy 3 V virus. 

The infectivities of the avirulent strains of Hy 3 virus are so variable 
compared with the parent strain that no single estimate of their relative 
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Table XVII. Comparison between the infbctivity of the viruses as 

SSTDfATlSD JTBOM LOCAL LKSION COUNTS, AND THBUt TBANSMISSIBILITy BY 
THE DIFFERENT APHIDES 

Moan percentage infeotivity 
in optimum conditions when 
transmitted by single aphides 

Lesion counts per half loaf at dilutions , - * ■ % 



Expori- 

t 




N 

M, 

M, cir- 

M. 

Virusoa 

monts* 

Neat 

1/10 

1/100 

1/1000 

1/10,000 

1 

I 

1 

gei 

Hy3V 

A 

— 

240 

74 

19 

1*4 

66 

40 

6 

B 

— 


37 

13 

31 





C 

400 

131 

26 

— 

— 




Hy3W 

A 

1*2 

- 

— 

— 

— 

2 

— 

— 


B 

9-6 

— 

— 

— 






C 

31 

30 

1-3 

— 

— 




Hy3V 

D 

— 

186 

78 

14 


— 

— 

-- 

Hy3S 

D 

— 

90 

33 

7 

— 

18 

16 

— 

ny3V 

K 

— 

141 

67 

10 

1-2 


— 

— 


F 

— 

227 

76 

34 

1*6 




Potato Y 

E 

— 

98 

21 

3 

0-9 

39 

21 

10 


F 

— 

123 

51 

6 

1*2 




Hy3V 

0 

— 

212 

— 


— 

— 

— 

— 


H 


327 

232 

-- 

— 




Cucumlier 10 

0 

— 

120 


— 


20 

25 

2 


H 

— 

139 

07 

— 

— 




Cucumber 1 Y 

0 

— 

68 

— 


— 

2 

— 

— 


H 

— 

90 

44 


— 




Potato Y 

0 

— . 

— 

— 

— , 

— 

— 

— 

— 


H 

— 

120 

64 


— 





* Tests carried out on opposite half leaves or in the same statistical arrangements are in- 
dicated by corresponding letters. 

infectivities could be accurate. So far as Hy 3W is concerned it can only 
be said that both the lesion count infectivity and the transmissibility by 
if. persicae are very low, and presumably the small quantity of virus in the 
plants accounts for the lack of success of the vectors. The lesion count 
infectivity of Hy 3S virus is, on the other hand, considerably higher than 
its relative transmissibility by M. persicae. This is probably due to the 
intense localization of this strain in the leaf. Aphides which feed on the 
chlorotic patches probably have access to more virus than is necessary to 
make them infective, while those from the green areas may never come 
into contact with active virus. Hy 3S virus varies considerably in the 
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degree of localization of the virus in different plants, and in different 
leaves from the same infected plant, which accounts for the lai^e variation 
between results of aphis transmission experiments. 

The relative infectivity of potato virus Y according to the lesion count 
estimate is 60%. Its transmissibility by M, peraicae is 50%, and by 
M. circumjkxus, 32%, or 62% of the transmissibility of Hy 3V virus by 
M. drcumflexua. The relative efficiency of those two vectors therefore seems 

Table XVIII. Relative infe(5tivity of the different viruses and 

EFFICIENCY OF THE VECTORS EXPRESSED AS PERCENTAGES OF THE 
AVERAGE LESION COUNT 'iNFECTlVTTY OF Hy 3V VIRUS, AND ITS TRANS- 
MISSIBTLITY BY Mv/.VS PJCttSICAK 



Porcontago 

Optimum percentage infectivity when 


local lesion 

transmitted by singlo aphides 


counts at 





dilution 


it/, circum- 


Viruses 

1/10 

J/. peraicae 

flej^ua 

M. gei 

Hy3V 

100 

100 

61 

0 

Hy 3W 

1 

3 

— 

— 

Hy 3S 

53 

27 

23 


Potato y 

60 

59 

32 

15 

Cucumber IG 

48 

30 

38 

3 

Cuouinber 1 Y 

27 

3 

— 

— 


to be simply related to the availability of the virus in the plant. However, 
Macroaiphum gei seems to be at least equally successful with potato virus Y 
as with Hy 3V virus, and it is probable that some other factor than the 
total quantity of virus available in the plant helps to determine the 
infectivity of this vector. 

With the cucumber viruses there is again a mure complex relationship 
between the efficiency of the vectors and the total quantity of virus in the 
plant than is shown by Hy 3V virus or potato virus Y. The relative 
infectivity of cucumber virus IG according to the local lesion counts is 
48 %. Its transmissibility by Myzua peraicae. is only 30 %, but its trans- 
missibility with M. drcumflexua is 38 %. which is 62% of the trans- 
missibility of this vims by M. peraicae, and higher than would be expected 
from the local lesion counts. Cucumber virus 1 Y is also very much less 
readily transmitted by M. peraicae than would be expected from the local 
lesion counts. 

This type of departure from a simple relationship between the efficiency 
of the vectors, and the total quantity of virus in the plant is associated 
with variation in the effect of preliminary fasting, or infection feeding 
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times. Thus it has been observed for Maeronphwn get that the increase of 
vector efficiency for the first hour of preliminary fasting was greater than 
that shown by the other vectors, and the decrease for feeding time on the 
infected plants was also more rapid during the first 16 min. feeding, and 
did not continue after this period as it did for the other vectors. With the 
cucumber viruses when transmitted by Myzua peraicae, there was no 
decrease in vector efficiency during the first 16 min. of infection feeding, 
but it can now be seen that the vector efficiency was never so high as it 
would have been had M. peraicae behaved with this virus as it does with 
Hy 3 V virus and potato virus Y. M. circumfiexua, which showed “typical” 
decrease of vector efficiency with increasing infection feeding times, showed 
also a much higher degree of relative efficiency than M. peraicae. 

These considerations indicate that while the efficiency of the aphides os 
vectors does depend in part upon the infectivity of the viruses as indicated 
by their local lesion counts, it is also afiected by other factora. These 
factors may be connected with the condition of the virus in the source 
from which it is obtained; for example, the intense localization of Hy 38 
virus. They may also depend upon the physiology of the insects, as is 
suggested by the association of unexpected degrees of vector efficiency 
with variations in the effects of preliminary fasting and infection feeding 
times. The possible ways in which the efficiency of the aphides could be 
affected by such factors will lie discussed later, after the nature of the 
preliminary fasting and infection fee<ling effects have been considered. 


10. Discussion 

• It has already been suggested (1938a) that the most likely explanation 
for the effect of preliminary fasting and infection feeding times is that the 
virus is inactivated by, or forms an uninfective compound with, some 
substance produced by the aphides. It was suggested that this substance 
was a secretion connected directly or indirectly with the feeding activities 
of the aphides, and ceased to be produced on cessation of feeding, or was 
produced at a much lower rate in the fasting than in the feeding insect. 
The experiments described in this paper have shown that the faculty is 
common to all the vectors studied, and to all the viruses. It seems to be 
possessed by the vectors in varying degrees, for the very large differences 
in their efficiencies as vectors cannot easily be explained in any other 
way. 

Dykstra and Whitaker (1938) suggest that the lower efficiency of 
Maaroaiphum aokmifciii (probably a synonym of M. get), than of oilier 
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vectors of leaf roll virus of potato, is due to the fact that M. solanifolii 
does not feed on the vascular tissues of the plants so frequently as do the 
other insects. This may be true of the transmission of leaf roll virus, which 
is persistent in the vectors, and is not transmitted by them with optimum 
efRciency until some time after they could have reached the vascular 
tissues in feeding. It could not bo true of the viruses considered in this 
paper because the optimum period for transmission of these U less than 
6 min. from the first penetration of the infected leaves. Mitchell (1937) 
and our own unpublished data show that none of the vectors used in these 
experiments can reach the vascular tissues in this time. As a rule aphides 
which have fed for 5 min. will only have reached the cells lying immediately 
below the epidermis, and therefore at the time of their optimum infectivity 
the virus which they transmit must have been obtained from these cells. 
This does not necessarily imply that the virus is more highly concentrated 
in these tissues. The production of inactivating subptance may be so great 
by the time the insect reaches the vascular tissues that even though the 
virus is more abundant, the efficiency of the vector is decreased. It seems 
clear, however, that the differences in the efficiency of the vectors cannot 
depend on whether or not they feed from the vascular tissues. 

This work on the penetration of plant tissues by the different aphides, 
though it is by no means complete, has also shown that there is no obvious 
difference in the feeding habits of the aphides which could account for the 
very large differences in their efficiency os vectors. It is not unreasonable, 
therefore, to attribute these to differences in the quantity of inactivating 
substance which the aphides possess, or the rate at which it is secreted. 
There is no direct evidence to suggest that the substance differs in quality 
in the different aphides, or that the viruses are differently affected by it. 
The relative rates of inactivation of the viruses with increased infection 
feeding time are similar for all the species of aphides, as also are the relative 
rates of increase in efficiency of the vectors with increased preliminary 
fifusting time. It can in fact be suggested with some confidence that in its 
simplest form the efficiency of transmission of a virus depends on (1) the 
total quantity of virus present in the plant, which seems to boar, in general, 
a very definite relation to tho amount of virus available to the aphides, 
and (2) the quantity of inactivating substance produced by the aphides, 
and the completeness with w'hich it ceases to be produced on cessation of 
feeding. Thus a highly infective virus such as Hy 3 V virus is more readily 
transmitted by all the vectors than the other less infective viruses. Also 
Maorosiphum gei which seems to have a very -well developed faculty for 
destroying the infectivity of the viruses is an extremely bad vector of them 



572 


M. A. Watson and F. M. Roberts 


all. Further support to the idea that M. get is a poor vector because its 
capacity for inactivating the viruses is greater, may be adduced from the 
differences in the kind of preliminary fasting and infection feeding effects 
obtained with it. With M. gei the effect of preliminary fasting was observ- 
able only for the first hour of fasting, and the decrease in infectivity with 
increased feeding time on the infected plant did not continue after the 
first 16 min. feeding. This may indicate that deciease in the production of 
the inactivating substance during fasting was only small, and very soon 
reached its limit, and that very little subsequent feeding was sufiicient 
to restore it to its original level. When the secretion is being produced 
at the normal feeding rate, there a])i)oars to be an equilibrium between the 
quantity of virus taken in by the insect and the quantity inactivated, sft 
that no further variation in the efficiency of the vectors is observed if the 
infection feeding is prolonged. There may be a similar difference between 
the production of the inactivating substance by Myzua peraicae and M. 
circumflexua, but it is too small for any differences in the preliminary 
fasting and infection feeding effects to be apjiarent. 

There remains the problem that the aphides differ in their relative 
efficiencies with the different vinises. iff. circumflexua equals M. peraicae 
in its vector efficiency with cucural)er virus 10, though it is less efficient 
with the other viruses, and Macroaiphum gei is equally efficient with 
Hy 3 V and potato virus Y, though the other vectors and the lesion counts 
indicate that the latter is the less infective virus. These discrepancies can 
be explained , as the slight disagreement between the lesion count infectivity 
and transmissibility of Hy 3S was explained, by the [mssibility that the 
viruses are differently localized in the tissues of the plants. As an ex- 
planation of the discrepancies in the relative efficiencies of Myzua peraicae 
and M. circumflexua, this view is sup{)orted by the observed differences in 
the effect of increasing infection feeding time. In many of the experiments 
the maximum efficiency of iff. peraicae for transmitting the cucumber 
virus strains, was not reached until after the insects had fed for 15 min. 
on the infected plants. Also the transmissibility of the cucumber strains 
by M, peraicae was less than would have been expected from their in- 
fectivities as determined by local lesion counts. It is not unreasonable to 
suppose that at the time of optimum vector efficiency, which for M.) 
peraicae is less than 6 min. from the time of penetration of the leaf, the 
insect has not reached the tissue in which the virus is most highly con- 
centrated, and that by the time these tissues are reached the virus is\ 
already being inactivated by the secretion produced during feeding. If the / 
tissue of highest virus concentration were the phloem, 15 min. would be « 



673 


Aphis transmission of non-persistent viruses 

the most likely time for the insects to have reached the virus infected 
tissues, while the rate of secretion was still below the optimum, and further 
decrease in their infectivity could follow/^ Quite a small difference in the 
{lenetration rates of the two aphides, or in the partiality of M. circumfiexus 
for the virus infected tissues, would enable it to reach these tissues before 
its potential infectivity had been very greatly reduced. This would account 
for the fact that the decrease in infectivity for periods of infection feeding 
between 2 and 15 inin. is normal for M, dreumjlexwt, and that with this 
vector the transmissibility of cucumber virus I agrees with the lesion 
counts in being about the same os that of potato virus Y. 

^ The difference in relative efficiency of MacrosipMim gei with Hy 3 V virus 
and potato virus Y, is rather more difficult to explain. Potato virus Y 
may be more readily available to M. gei than to Myzus pereime, or potato 
virus Y may be loss readily affected than the other viruses by the inacti- 
vating substance produced by the aphides, for its transmissibility by M. 
cireumfexua is also slightly higher than w'ould be expected from the local 
lesion counts. No information on this j)oint can be deduced from the 
results BO far obtained. 

The results given in this pafwr support the hypothesis that there is a 
complex relationship between the non-persistent viruses and their vectors, 
and that one of the main factors in this relationship is the inactivation of 
. the viruses by a substance produced by the vectors when feeding. This 
I substance appears to be produced by all the vectors though in varying 
quantities. All the viruses tested seem to be affected in a similar manner, 
but an appearance of variability may be produced by the interaction of 
other factors connected with the behaviour of vectors or viruses in the host^ 
plants. 

There are two possible ways in which the substance secreted by the 
aphides could come into contact with the virus. Either the virus is taken 
in by the insects and is affected by internal secretions, or the inactivating 
substance is ejected by the aphides with the saliva, and the virus is 
inactivated in the plant from which it is obtained. If the virus is in- 
activated in the plant then it might bo transmitted by contamination of 
the stylets, and still be affected by the secretion of the aphides. This is 
unlikely for single aphides fed for only 2 min. on leaves infected with 
Hy 3 V virus, can infect as many as seven successive healthy plants without 
further access to a source of infection, so long as the feeding times on the 
healthy plants are reduced to a minimum. Also the decrease in infectivity 
of the aphides with the time taken to carry out these successive feedings, 
is less than when the same times were spent on only one healthy plant. The 
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infectivity of the aphides is in both cases very much reduced after 1 hr. of 
feeding on the healthy plants. Even if the aphides could cany sufficient 
virus on the outsides of their stylets to infect seven successive plants, 
more should be left after 30 min. feeding on one plant than when the 
aphides have penetrated the leaf five or six times during that period. 
Obviously the controlling factor is not the mechanical cleansing of the 
stylets but the quantity of inactivating substance secreted by the aphides 
which is probably less during the discontinuous than the continuous 
feedings. The details of these experiments will be priblished in a later paper, 
but reference is mode to them because of the important bearing which 
such results must have on the very controversial question of whether or 
not the non-persistent viruses are mechanically transmitted. Taken in 
conjunction with the strong probability that the non-persistent viruses are 
a highly specialized group with con)p]ex virus-vector relationships, and 
that the highly infective tobacco mosaic group of viruses are not aphid 
transmissible, the fact that several healthy ]>lants can be infected by an 
aphid after a single infection feeding in our opinion renders the hypothesis 
of mechanical iufeittion untenable. 

The authors wish to express their thanks to Mrs W. 6. Cochran (Miss 
B. I. M. Mitchell, Ph.D.) for the use of data included in Tables XIII and 
XIV, and to Dr f'. Yates for assistance with the statistical analysis of 
the results. 


Hummary 

Three strains of Hyoacyamus virus 3, two of cucumber virus 1, and 
potato virus Y, wrore tested fur their transmissibility by the aphides, 
Myzua persicae, M. circumfleTua, and Macroaiphum gei. The efficiency of 
the vectors in transmitting all the viruses increased with increasing time 
of fasting before feeding on the infected plants. Their efficiency decreased 
as the time of feeding on the infected idants increased. The most probable 
explanation of these effects is that the viruses are inactivated by some 
substance produced by the aphides when feeding. 

The most successful vector on the whole was Myzua persicae, and the 
least successful was Macroaiphum gei, but the relative efficiency of the 
vectors varied with the different viruses, indicating that their degree of 
success depended upon several interacting factors. The most important 
of these factors appeared to be: 

(а) The concentration of virus in the host plant. 

(б) The localization of virus in the host plant. 

(e) The capacity of the vector for inactivating the virus. 
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The viruses which have thus been shown to be similar in their insect- 
virus relationships, are also similar in their physical properties, and there 
are many other aphid transmitted viruses which resemble them in this 
respect. It is suggested that such viruses may form a natural group, with 
the same type of vector-virus relationship. This relationship appears to be 
a complex one, and it is unlikely that the viruses are mechanically trans- 
mitted. 
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Description of Plate 8 

Fia. 1. lieaf from plant infoctod with Hy 3 V virus* 28 days from date of inocmlation. 
Actual length 1 cm. 

Fio. 2. Leaf from plant infected with Hy 3 W viruH, 28 days from date of inoculation* 
Actual length 24 cm. 

Fi(i. 3. Leaf from plant infected with Hy 3W virus, but showing development of 
locid Hy 3V symptoms. Two montlis from date of inoculation. Actual length 30 cm. 

Fio, 4, Leaf from plant infected with Hy 3S virus, 25 days from date of inoculation. 
Actual length 21 cm. 
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Morphogenesis and metabolism: studies with 
the Cartesian diver ultramicro-manometer 

V. Aerobic glycolysis measurements on the 
regions of the amphibian gastrula 

By Joseph Needham, Veronica Rogers and Shih-Chano Shen 
From the Biochemical Laboratory, Cambridge 

{Communicated by Sir Frederick Hopkins, F.B.S. — Received 30 May 1939 ) 

Introduction 

During the last few years various lines of work have suggested a relation- 
ship between carbohydrate metabolism and organizer phenomena (cf. the 
reviews of Weiss (1935), Needham (1936), and Spemann (1938)). Mano- 
metrio studies of carbohydrate breakdown are therefore desirable and these 
became possible with the development of the Cartesian diver ultramicro- 
manometer. The recent investigations of Boell, Needham and Rogers (1939), 
using this technique, showed that in the amphibian gastrula the dorsal lip 
region has a higher anaerobic glycolysis than the ventral ectodenn. 

The work to be described in this paper is an attempt to adapt the diver 
manometer to the measurement of aerobic glycolysis, and to find out 
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whether a eimilar regional difference exiate in aerobic glycolysis. Owing to 
the technical difficulty, no previous attempts have been made to measure 
tile 02* parts of the gastrula, although measurements of lactic acid 
production in air and in nitrogen of whole eggs have been made by Brachet 
(1934) and Lennerstrand (1933). Their results as regard aerobic glycolysis 
are in close agreement; in the gastrula stage a of about +0'06 being 
found. Since in both of these investigations the methods used were rela- 
tively crude, they could give no indication of regional differences. 


Mbthod 


The general principle of the Cartesian diver manometer has already been 
described (Boell et al. 1939). In the present experiments an adaptation, 
based on the “indirect method” of Warburg has been used. Pairs of 
divers of the same total capacity were made (20-26 A), but with different 
liquid/gas ratios; 3:12 in one diver (d) and 8: 12 in the other (D). In order 
that the area of the liquid/gas interface should be approximately the same 
in both cases, diver D was made with a relatively much larger bulb and 
shorter neck than diver d. It is convenient to use glass of different colours 
for the tails of each pair of divers. 

The oxygen consumption and total carbon dioxide production can be 
calculated according to the original Warburg equation : 



In calculating the constants of the divers, corrections have to be made 
for the solubilities of carbon dioxide and oxygen in oil, as described in the 
first paper of this series. 

The reliability of the method has been shown by calibration against 
Warburg manometers, using yeast as material. Details of this will be given 
below. 


V0I.CXXVH. B. 
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Matebial 

Embryos of Rarui temporaria were chosen for these experiments, early 
gastrulae (stage 10j-10|) being used throughout the work. Since the two- 
cup method depends essentially on the two pieces of tissue being compared 
having the same metabolic rate, error due to this factor was reduced to a 
minimum by always taking lateral halves of dorsal lip and ventral ectoderm 
from the same egg. The dissection was carried out as usual with Si>emann 
glass needles, and to avoid any complication of cytolysis due to im{>6r- 
fectly healed tissues, amphibian Ringer solution was used as a physiological 
medium rather than Holtfrotor solution. It was found that in this medium 
healing was far mure rapid and complete, and the tissues remained in 
excellent condition throughout the whole experiment. After being allowed 
to heal for half au hour, they were transferred to Ringer solution to which 
Buffioient sodium bicarbonate has been added to bring it into equilibrium 
with 5 % carbon dioxide in the gas mixture. The subsequent procedure was 
exactly the same as described in the first paper of this series, except that the 
gas mixture used was oxygen with 5 % carbon dioxide. The total nitrogen 
of the tissue used was determined at the end of each experiment in the 
usual way by the ultramii^ro-Kjeldahl method of Needham and BooU ( 1939)- 


Calibration 

In order to test the method, aerobic fermentation of bakers’ yeast was 
studied, experimouts being run in parallel with Warburg cups and divers. 
Equal aihounts of yeast (ro. 15 mg.) were put into the cups from a 0*5% 
suspension (wet weight), and made up to the appropriate volumes with 1 % 
glucose containing bicarbonate. In some cases, phosphate buffer and pure 
oxygen were used instead of bicarbonate and oxygon/carbon dioxide mix- 
ture, since yeast produces no fixed acid. For the divers, the amount of yeast 
used was about 1/1500 of that in the Warburg cup. The satisfactory agree- 
ment between the two methods is shown by the following results : 


<?o. 


Exp. 

Warburg 

Diver 

Warburg 

Divor 

T5 (phosphate) 

-240 

-22-6 

+ 1101 

+ 120 


-200 


+ 8*6/ 

TO (phosphate) 

- 180 

-26-0 

+ 8-61 

+ 100 


-250 

-22*5 

+ 63/ 

T9 (bicarbonate) 

-13-2 

-191 

+ 50 

+ 4-5 


-14-4 

-13-9 

+ 60 

+ 3*6 
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There will obviously be differences between different samples since the 
calculations were based on wet weight. We noticed that the scattering of the 
Qot ftnd Q2* ^ determined by the two methods lies within the same limits. 

In these preliminary ex])eriment8, the indirect method was also checked 
against direct estimation of < 2 o, by single divers. The use of diver technique 
for measuring respiration has already been described and shown to be 
reliable by Boell and Needham (1939). Some typical results follow: 

Exp. T7 Qo, <?2* 

Indirect — 20*6 +13-1 


Results 

The data obtained from our experiments are summarized in Tables 1 
and II, and curves from a typical experiment are given in fig. 1. In cases 
where an excess of carbon dioxide was found, the calculation of Q 2 * was 
made on the basis of an R.q, of 1 -0 for the dorsal lip and 0- K5 for the ventral 
ectoderm. These figures were obtained by Boell, Koch and Needham (1939) 
using the Cartesian diver manometer. 


Exp. AoOR (3) 


O Dj 


Ventral ectoderm 


X dl 

0 Iff 


Dorsal lip rollon 



Dorsal Up region 


— 3*13A/mg. JV/hr. 

■Yco. 

+ 2-98A/mg. -A^/hr. 

M.<J. 

0-90 


Vonlral wit^Klorm 
-2-43A/mg. N/hr. 
+ 2-10A/mg. .V/hr 
0*87 


The tpables show that except for a very few cases, no aerobic glycolysis 
can be detected either in the dorsal lip region or the ventral ectoderm. 
Where it exists, the amount is negligible. 

The average figures for Qq. 

Dorsal lip 3*74 

Ventral ectotlerm 3-78 


and the medians confirm in Jtana lemporaria what has already been found 
for Diacogloasua pintails and AmblysUma mexicanum, that no difference 
exists between the oxygen consumption of the two regions. A higher r.q. 
of the dorsal lip than of the ventral ectoderm is also -indicated: 0*92 and 
0-81 respectively. 

3«-a 
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Tablb I. Dorsat^ t.tf 


Exp. no. 

^ 0 . 

Xco. 

B.Q. 

<22* 

AeG7 

-2-39 

+ 2*03 

0-85 

NO 

AcG 8 

-306 

+ 2*71 

0*89 

Nil 

AoG 10 

-3-66 

+ 0-06 

( 1 - 0 ) 

+ 0*291 

AeGK 1 

-6-26 

-f-515 

0*98 

Nil 

AoGR 2 

-0-4 

+ 6-30 

0*99 

Nil 

AeOR 3 

-313 

+ 2*98 

0*96 

Nil 

AeOR4 

-212 

+ M 8 

0 - 66 * 

Nil 

AeGR 0 

-2-27 

4-201 

0*89 

Nil 

AoGK 10 

-410 

+ 4*82 

( 10 ) 

+ 0*048 

AoGR 17 

-3-73 

+ 3-68 

0-95 

Nil 

AeGK 18 

-418 

4-611 

( 10 ) 

+ 0*141 

AeGR 19 

-4-05 

+ 3*94 

0*85 

Nil 


Av. -3-74 


Av. 0*92 



N.B, Xo, in tho table corresi^ndn to i.o. oxygen conaiitnption/mg. total 
nitrogen of tiHHue per lioiir. Factors for converting total nitrogen to dry weight wore 
determined ex fieri mentally by Hoell et aU ( 1939 ) on the same species; they are 13*7 
for the dorsal lip and Ifi - 1 for ventral ectoderm. In this way Q 2 * above is calculated. 
Tlio respiratory quotients shown in brackets are those assumed as described in the 
text. 

♦ Excluded from average. 


Table II. Ventral ectoderm 


Exp. no. 


il 

R.Q. 


AoG 7 

-3*41 

+ 2*83 

0*83 

Nil 

AeG 8 

- 2*86 , 

+ 2*80 

0-98 

Nil 

AeO 9 

-1*81 

+ 2*06 

( 0 * 86 ) 

+ 0*034 

AoG 10 

- 2*6 

+ 1*30 

0*62 

Nil 

AoGR 2 

-4*06 

+ 4*36 

0*94 

Nil 

AeGR 3 

-2*43 

+ 2*1 

0*87 

Nil 

AeGR 4 

-1*41 

+ 0*47 

0*34* 

Nil 

AoGR 9 

-6*62 

+ 6*88 

( 0 - 86 ) 

+ 0*09 

AoGR 16 

-6*3 

+ 4*5 

0*86 

Nil 

AoGR 17 

-4*01 

+ 4*28 

( 0 * 86 ) 

+ 0*050 

AeGR 18 

-6*49 

+ 4*36 

0*80 

Nil 

AeGR 19 

-4*0 

+ 0*2 

(0*85) 

+ 0*147 

AoGR 20 

-3*96 

+ 2*87 

0-72 

Nil 


Av. -3-78 


Av. 0-81 


N.B. Symbols os in tho previous table. 


* Excluded from average. 



581 


Mwphogtimia ar^d metaboHam 

time (hr.) 



Discussion 

As recognized by Dixon (1934), the two-cup method of Warburg is not as 
accurate as other manometric procedures owing to the impossibility of 
ensuring that the two pieces of tissue, on the comparison between which the 
method depends, are in fact metabolizing in exactly the same way and at 
the same rate. It is, nevertheless, indispensable for the measurement of 
aerobic glycolysis unless one of the high-pressure methods (Dickens and 
Simer 1931 ; Dixon and Keilin 1933) is employed. Up to the present time 
the diver technique has not been adapted for such measurements, though 
we do not believe that this would present insuperable difficulty. 

The results reported in this paper show fairly conclusively that the 
aerobic glycolysis of the amphibian gastrula, if it exists, is exceedingly 
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small. Substantial values were obtained only in exceptional cases (three 
experiments out of twenty-five) and in four further experiments there were 
minute excess carbon dioxide outputs corresponding roughly to the figures 
of Brachet (1934) and Lennerstrand (1933) obtained by lactic acid analysis 
on large quantities of embryos. In geimral there is no measurable lactic acid 
production in aerobic conditions, and most important of all, there is no 
difference in behaviour between the organization centre and the inert 
ventral ectoderm. 

In the foregoing calculations no allowance has been made for the aerobic 
ammonia production to be expected. As previously noted one amphibian 
gastrula produces approximately 1/tg. ammonia/mg. dry wt./24 hr. (Bialas- 
zewicz and Mino(')wna 1921 ; Boell et al. 1939). lOU/tg. dry wt. tissue (the 
amount usually in the diver manometers) would therefore be expected to 
produce 0*004 1/ig. /hr.; a quantity corresponding to ()*0030A carbon 
dioxide/hr. or 0*5A/hr./mg. total nitrogen. This masked excess carbon 
dioxide output would mean a very low Q 1 * of the order of -t- 0*03, but as 
ammonia estimations wore not regularly made, such figures are not in- 
corporated in the tables. 

The significance of aerobic glycolysis is still by no means fully elucidated, 
but in moat tissues except tumours it is small, since the Pasteur effect is 
usually relatively efficient. In this the embryos of birds and amphibia 
agree. The classical picture of embryonic metabolism as showing a high 
anaerobic glycolysis, n high respiratory rate, and no aerobic glycolysis, is 
not quite correct, as 4j-day chick embryos give a of about +1*0 
(Needham, Nowii'iski, Dixon and Cook 1937). Laser (1937a) went further in 
showing that in earlier stages, e.g. 2| days’ incubation, when Qq^ is as high 
as — 25-4, may be as high as -h 1U*8. Laser’s evidence suggested that 
the Pasteur effect passes through a maximum of efficiency at 91 hr. incu- 
bation, for at 7 days again (slices) though the is 

falling slightly, nut rising. 

This goes far to dispose of the belief, fairly widespread in the literature, 
that aerobic glycolysis is in some way connected with unspecific injury to 
the tissue. Negelein’s original conclusions on rat embryos in serum and in 
Ringer solution (1925) are not borne out by his own figures. Laser (1937A) 
has shown, moreover, that in conditions of low oxygen tension (6-20 % 
oxygen) which no doubt reproduce the physiological tensionmore closely than 
that of the gas mixtures generally used (95 % oxygen), aerobic glycolysis is 
considerably increased. Chick embryo allantois, for example, showed a zero 
Q2t in 96% oxygen but + 13*6 in 6% oxygen. It would be interesting to 
repeat the experiments in this paper using lower oxygen concentrations. 
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The main point of importance in the present paper is that whatever may 
be the characteristics of metabolism inside and outside the organization 
centre, the Pasteur effect seems equally efficient in all regions investigated. 


Summary 

1 . The Cartesian diver manometer has been adapted for the measurement 
of aerobic glycolysis by the two-cup method. 

2. Aerobic glycolysis is exceedingly small or absent in both dorsal lip 
region and ventral ectoderm of Rana gastrulae. Hence the two regions do 
not differ as regards the efficiency of the Pasteur effect. 

3. The absence of any difference in respiratory rate between those two 
regions, previously observed in gastrulae of Diacoglossus and Arnhlystoma, 
has been confirmed for Rana. 

4. That there is a difference in respiratory quotient between the two 
regions during gastrulation, previously observed on Amhlyntoma^ has been 
verified on Rana. 
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The use of chemical potentials as indices of toxicity. Ry J. Ferousok. 
(Communicaied by A. J. Clark, FM.S. — ReceAred 1 December 1938.) 

From a review of publishod <lata it is concludt'd that two mam cIossob of toxic 
action exist. In one olass the effects are due to chemical roiuttion. In the other 
a pliysical mechanism is at work. Critt'ria are given whendiy the two classes of toxic 
action may bo distmguished. All substances can exert physiological effects by a 
physical mechanism though the physical action may bo, and frequently is, maskeil 
by a specific chemical jpooctioii. 

Physiological effects duo a fihysical mechomsm oro gt'ni Tally mensiimd when 
an equilibrium has been established btjtwoon tho roncentraLion of the toxic Bubstanco 
in the phase, solution or va[>our, m which it in applied and the concentration in the 
phase or surface layer wliich is tho scat of toxic aef ion. Since tho chemical potential 
of the toxic substance must bo the same in all phases partaking in tho equilibrium, 
it is suggested that the toxicities of physically toxic substances siiould bo comparofl, 
not by the values of tho toxic concentration in the external solution or vapour, 
but by the values of the chemical potentials in those pliosea. Chemioal potentials 
so determined are identical with tho chemical potentials at tho actual point of attack 
within the organism. By this procedure tho disturbmg offtnit of phase distribution 
is eliminated from the comparison of toxicitres. 

Usmg tho activity function of O. N. Lewis os the chemical potential it is found 
that> when chemical reaction is absent, though diverse chemical comjfounds exert 
the same toxic effect on a given organism at widely different concentrations, the 
activities corresponding to these concentrations lie within a relatively narrow range. 
The differences in activity within this range are ascribed to the effect of chemioal 
constitution. 
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The effect of X-raye on the glucose and hexose phosphate glycolysis of 
tumour tissue. By B. £. Holmes. {CommunicaUd by Sir Frederick Hopkins, 
O.M., F.R.S. — Received 12 December 1938.) 

Rocent work describing tho chemical efTeois of X- and y-irradiation on substances, 
in solution, and tlw effects of X- and y-irradiation upon the metabolism of cells is 
described and ciiscussod. 

It is shown that a dose of X>radiation sufficient to cause a 50-100 % inhibition 
of lactic acid formation from gliicow' by tumour tissue, has no effect on lactic acid 
formation from hexose -diphosphate, hoxoae-monophosphato (Embdon ester) or 
glucose-/-] ihosphate (Con ester). 

Results are given showing tho effect of y-radiation on the lactic dehydrogenase 
system of young embryo brains. 


The fluorescence of compounds containing manganese. By J. T. Randall. 
(Communicated by M. L, E, Oliphant, F,R,S. — ReceAved 9 December 1938.) 

One of the most important problems to bo solved in the field of fluorescent solids 
is thfj rol(» playetl by impurities or “iK^tivators”. of which manganese is one of the 
liost known. In the jircsont pajx'r the fluoresceius' of mon^ than twenty compounds 
containing itu*mirod traers of tins oloment has been studied at low temperatures. 
Tlie intc^rprotation of tho n^sults lias been hcljjod considerably by the discovery of 
red fluon*sc('nce bands foi the pure hahdea of manganese, and in the first part of 
the finper ivsults for theso are given. Tho ovidenoo obtained suggests that tho 
fliiorosct'iice of tho manganous halidf^s is characteristic of all the manganese atoms 
in the crj'stals, and that the transitions ooncemod are of the forbidden type (probably 
“G-^F) lying within tin' divalent ion Mn ‘ ^ . 

In the secorul part of tho paper tho fluorescence of solids containing manganese 
impurity has been examined at low temperatures. Four main classfis have be«m 
found: (a) solids in whicVi the inangam'so impurity is entirely responaiblo for the 
fluorf»Hcen<'<‘ 8|H^ctrum, which corresfiondH vi*ry closc'ly to that of the pure halides 
of mangaiu^se; (ft) fluonwcnoo also due to tin* manganese impurity, but the surround- 
ing ions have an influence on the position of the spectrum differing from that of 
class (a); (c) due both to the matrix lattice and to the incoriiorated manganese; 
(d) inoni coinpk'X cases which are recogni3f:able as oxampk's of multiple impurities. 
Caseys iutennediate to theso liavo also been found. 


The measurement of magnetic saturation intensities at different tempera- 
tures. By W. SucKSMiTH. (Ccmmunicaied by A. M, Tyndall, F.R.S , — 
Received 12 December 1038.) 

A new mothud of measuring tho saturation intensities of ferromagnetic substances 
at all temperatures up to tho Curio temperature is described. The pole-pieoes of 
on eieotromagnot are shaped to produce a slight gradient in the ffeld in a direction 
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perpendicular to the lines of magnetic force. The spoounen is thus acted upon by 
a force which is directly proportional to the product of tlie maHS and the saturation 
intensity. The small movement of the specimen is limited to a region where the held 
gradient is uniform. Suitable magnification ensures that the relationship between 
magnetic moment and deflexion is linear to a high degree of accuracy. The force is 
of the order of a few grams weight, though only a few cubic niillmietros of sulistunce 
are required. 


Researches on plant respiration. V. On the respiration of some storage 
organs in different oxygen concentrations. By J. K. Choudhury. ((7om- 
municated by W. Stiles, F,R,S, — Received 13 December 1938.) 

The course of respiration of ptitato and artichoke tiibi^rs and of carrot roots, in 
a wide range of oxygen concentrations betw<M*ii zero and 98*3 %, was followed 
continuously for periods of st^vt'ral days at 25“ C. The course of respiration of reil 
beet routs in air and nitrogen w'os also oxamiruMl. 

In all the tissues employt^l the course of respiration exhibited two phases, the 
respiration intensity first rising to a maxiniimi and them falling gra<lua1Iy, sornet lines 
to a constant value. The initial rise in respiration rate may bo largely duo to the 
evolution of dissolved carbon dioxide from tho tissuos as a result of th»^ rise in tern- 
jicrature wliich occurs when tho tissues are transferred to tho experimental con- 
ditions. 

There was some evidence of a seasonal drift in tho respiratory activity of both 
potatoes and artichokes. 

After the tissuos had boon subjected to the exjionmcntnl conditions for 100 lir. 
in air, tho average rate of carbon <ltoxido production of the dilToront tissues examined 
was 0*46, 2 00, 1*57 and r2fl mg. per 100 g. of tissue per hour in potatoes, carrots, 
artichokes and red boot roots n^spectively. 

Varying oxygen concentration between 6*2 and 98*3 % melusivo did not affect 
the respiratory activity of potatoes. With artichokes, however, this was only the 
cose with concentrations ranging from that of air upwards. With cunrentrations of 
oxygen below 20 % the respiration rate altered with evijry alteration in the concen- 
tration of oxygon. The respiration rate of carrots was alTeetisl by tho concentration 
of oxygon throughout the whole range of oxygen concentrations employed. In the 
lowest concentration of oxygon usi'd, 3 6%, the respiration intensity was in part 
determined by the size of the carrots. 

In an atmosphere of nitrogen the respiration inU^nsity of potatoes, artichokes and 
red beets was lower than in air, but on transferring carrots from air to nitrogen the 
respiration intensity gradually rose to a higher level, tho increased rate being main- 
tained oven for 117 hr. 

In potatoes transference from anaerobic to aerobic conditions, even with only 
6*2 % oxygen, brought about a rapid rise in the respiration rate to a value consiflerably 
above the normal rate in air, this being followed by a fall to the normal rate in air, 
but the amount of carbon dioxide given out in air before the resumption of the 
normal rate did not always show a direct relation with the length of the period of 
onaerobiosis. 
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A consideration of the experimental results suggests that oxygen 'is not essential 
for the production of tlie actual substrate for glycolysis, not does it seem to have 
any direct control over tlie rate of production of the substrate. 


Self-coneistent field, including exchange and superposition of configura- 
tions, with some results for oxygen. By D. K. Hartreb, F.R.S., W. 
Hartbee and B. Swirlks. {MeceAved 13 December 1938.) 

In the simplest approximation to the Htnictxtfe of a many-olootron atom, each 
term is regarded as arising from a single configuration of one -electron Tvave functions. 
When, to this approximation, two or rnoro configurations give terms of the same 
parity, L, and not greatly different m energy, an appreciably better approximation 
may be obtained by taking, as the wave function for eacli term, a linear combination 
of the wave functions for the various configurations. The term “superposition of 
configui'ations*’ is used to denote the use of such linear combinations. 

The effect of this superiiosition of configurations con bo taken into account m 
the calculation of energy values only, or in the determination of tho one-electron 
wave functions also. Tho latter requires an extension of Fock's equations, and in 
tho present papist this extension is worked out for tho superposition of the (np)«+* 
configuration on the nonnal (ns)^ (npy configuratjon of atoms with an moomploto 
S-sholl. The solution of those equations involves a set of calculations, each of which 
is similar to a coinpleto solution of Fook*s equations, for a set of trial values of 
a pararnokT expressing tho relative amplitudes of the wave functions for the ,two 
configurations. 

For 0+, tho nonnal configuration (2ir)* (2p)® gives *13, *D and *P terms, of which 
only the highest (*P) is subject to tho superposition of the (2p)* configuration. A full 
solution of tho extended oquations has been worked out for this case. The effect of 
suporpoaition of configurations on tho radial wave function is found to be small, 
less tlion 1 in 200 of thoir gniatest values, and tho oonseejuont effect on the total 
energy of the (2s) (2p) shell very small, about 1 in 4000. This small improvement 
of the energy value did not seem to justify the solution of the extended equation 
for other states of ionization, and for these solutions of the ordinary Fock equations 
only have been evaluated, though suporpositiou of configurations lias boon taken 
into account in oaloulatmg energy values. 


The place of the megaloblast in the development of red blood cells. By 

M. C. G. Israels. (Communicated by IL S, Raper^ F.R.S. — Received 
December 1938.) 

Tlie morphology of tho erythroblastic cells obtained by biopsy from human bone- 
marrow in hyperplastic conditions of the erythropoietic tissue has been studied. 
The tyj>6s of colls appearing have been defined. 

True Tnogaloblasta only occur when the hyperplasia is the result of lack or imperfect 
working of the anti-pemicious-anaemia liver principle. In all other conditions cells 
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of the normoblast series are present. There are also certain primitive cells usually 
present in aU types of hyperplasia, the pro-erythroblasts and haemocytoblasts. 

The normal development of the red blood cells probably proceeds from haemo- 
oytoblaat to pro-orythroblast, and then to normoblasts of varying degree of maturity. 
The megaloblasts also develop from tho pro-erythroblasts and then follow their own 
line of development to mature as red blood cells. 

Tho megaloblasts have no place in the development of normal rod blood cells in 
oxtra-utorine life; they appear only wlien the proper activity of the liver principle 
is in abeyance. So long as the liver principle is normally available, demands for 
incFoased red blood cells, whatever thoir cause, are met by proliferation of cells of 
tho normoblastic series. 

It is tentatively suggested that the megaloblasts reprosont an early phylogenetic 
type of red blood cell which is a transient phase very early in the growth of the human 
embryo, and that they {)ossibly do not require tho liver principle to enable them to 
mature completely. Their appearance in pathological disturbances of the liver 
principle’s functions is possibly of the nature of an attempted coiTi|)ensaticm fur the 
loss of normoblastically developed red colls. 


Transfer effect in liquid He II. Part I. The transfer phenomena. By J. G. 

Daunt and K. Mkndblssohn. {Cofnmunicated by F, A. Lindemann, 
F.B.S. — Received 14 December 1938.) 

In two co-axial vessels filled to different levels with liquid Ho ii, helium is trans- 
jxirted from the higher to the lower level until both levels have the some height. 
This “transfer*' takes place in a surface film of helium covering all solid surfaces in 
contact with the liquid. The rate at which tho transfer takes place is practically 
independent of tho diffemneo in height between tho lovols. The traiisfernsd amount 
is exactly proportional to the width of the connecting surface and is the same for 
glass and polished copper. If a boaker containing liquid Ho ii is lifted out of the 
hohum bath the transfer takes place although there is no solid surfsee connecting 
boakor and bath. Tho liquid runs over tho rim of tho beaker and collects in drops at 
tho bottom and drips into tho bath until tlio beaker is empty. The transfer from one 
container with liquid Heii to another is limited by the narrowest part of the 
connecting surface above tho higher level. Constrictions below the height of the upper 
level do not limit the flow as at such places helium can drop off as free liquid. 

Although the transfer takes place from a higher to a lower level, the independence 
of the flow on tho difference in lovol shows that gravity is not tho driving force. 


The transfer effect in liquid He II. Part II. Properties of the transfer film. 

By J. G. Daunt and K. Mendelssohn. {Communicated by F. A. Linde- 
mann, F,R,S, — Received 14 December 1038.) 

The properties of tho surface fllm in which the transfer of He ii takes place are 
investigated. In view of the exceedingly high heat conductivity of the bulk liquid 
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it waft thought possible that the helium film might also show high heat conduction. 
The experiments, however, yield the surprising result that the actual heat ‘*oonduo- 
tivity'* is poor and that the high heat transport is due to a constant flow of matter 
tlirough the film from the cold to the warm place. 

The thickness of the transfer film was found to bo about 3*6 x 10~*cm., i.e. 100 
atoms thick. No ap[)roGiable change in thickness was observed between the A point 
and 1*6“ K. Above the A ix>int the film is not more than 10”’ cm. thick. 

The rate of transfer per unit surface changes with temperature. It is Kero at the 
A point and increases with falling temperature to 7-6 x 10”* c.c. of helium per second 
at 1'6° K. Below 1*6“ K it is practically independent of temperature. In conjunction 
with our determination of the film thickness we thus arrive at on average velocity 
of 20 cm. /sec. for the transfer. 

Nono of the theories of liquid He u so for gives an indication why the transfer 
film exists or why the transfer takes place. Our experiments have led us to the 
assumption tliat a transfer takes place when from a solid surface which is in contact 
with liquid Ho ii, the film is removed. Then the bared surfaces is readily covered 
again with helium from tlie liquid at o rate which solely deficnds on the thermal 
state of liquid He n. Our experiments lead also to the suggestion that the high heat 
conductivity of the free liquid is a trunspirt phenomenon of a similar kind. 


Nitrogen* argon and neon In the earth’s crust, with applications to cos- 
mology. By Lord Rayleigh, F.R.S. (Received 15 December 1938.) 

It is found that pluUmic rocks contain nitrogen, argon anil neon. The nitrogen 
appears to be mainly in chemical combination. The argon and neon arc probably 
trapped in crystal lattices. 

Tile argon found usually amounts to about 2 x 10~* c.o./g> The noon is about 
8 X 10”* c.c./g. 

The ratio noon/argon is of the same order of magnitude os the ratio of those gases 
in the atmosphere, and does not much favour the view that there has boon a loss of 
neon from the atmosphere. 

The vesicles of pumico stone contain an altogether exceptional proportion of noon. 
Tliis is difficult to understand, but can scarcely be considered to affect the general 
problem. 

Rocks in general contain about 0*04 c.c. of nitrogen per g. It has hitherto been 
supposed that terrestrial nitrogen is mainly concentrated in t>io atmosphere, but on 
the basis of the present results, the rocks probably contain in all some fifty tunes as 
much nitrogen os the atmosphere. It is no longer necessary therefore to regard the 
atmosphere as primitive, and no special difficulty arises as to why the earth did not 
lose its (dissociated) nitrogen when the temperature was high. It may liave lost some, 
but there was more m the interior. / 
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The analyeie of discrete vector mape. By D. M. Wrinch. (Communicated 
by I. Langmuir, For.Mem.R.8. — Received 16 December 1938.) 

The study of crystals by X-rays, while permitting the observation of the amplitude 
of the structure factor for various planes, does not detormino the phase. Exhibited 
in the form of structure factors, the data obtained by X-ray analysis necessarily 
involve a multiple infinite set of unknown and unobservable paramutf^rs. 'fho vector 
map of the crystal, however, depending only on the amplitudes and not on the phases, 
gives a complete picture of all the information available by this teohnifpie. The vector 
map of a crystal comprises a discrete set of point intensities. The crystal may tlien 
be regarded as a uniform distribution of electnms upon which is superposed a set 
of discrete electron density (kwiations or “discrons”. Any set of discrons in atomic 
space Si gives a corresponding set of discrons m vector space To discover the 
structure of the crystal from X-ray observations, it is therefore necessary and suilicient 
U) calculate the vector function and then to find all the discron sots corresponding 
to the given S^ discron set. Tn this way vector maps can Iw used to discover crystal 
structures as well as to confirm or refute structures already firoposed. 

In practice, an ex jxirimen tally obtained vexstor map may, by a process of successive 
approximation, be regarded os a si^ries of simple |x>int sets of gradually increasing 
complexity. The present communication deals with the structure of various simple 
finite point sots and investigates analytically the sets coirosponding, special 
attention being fiaid to sets which are trigonal and hoxadic. The transition between 
finite and periodic Si sets and their corresponding S^ sets is accomplished. In general 
an S^ point set uniquely determines a corresponding N| point set. In degenerate 
cases, however, there is a certain severely limited multiplicity of point sots. In 
this case also the crystal structure and indeed the molecular structure can be syste- 
matically investigated by successive approximation. As an illustration, a certain 
sot, rejiresonting to a first approximation a vector diagram of insulin, is considered 
anil the deductions regarding the structure of insulin an* giv(*n. 


Sums of positive Integral powers. By H. Davenport. (Communicated by 
L. ./. Mordell, F,R,S,— Received 10 December 1938.) 

Let Ar/*(n) denoto the number of integers less than n that an* rejirosen table os 
the sum of a positive integral kth powers. A method w given for improving on the 
previously known lower bound for In particular, it is proved that, for any 

c> 0, (n) > n«****l *, for all large n, whore 

cx(3, 3} = ] '){-, <x(3, 4)=i|, ®(4, 4)=.jy, 4)= J -I- 

Those results allow one to prove that 

(1) almost all numbers are tlie sum of four positive cubes; 

(2) every large number which does not leave the remainder 16 or 16 on division 
by 16 is the sum of 14 fourth powers. 

In particular, every large number is the sum of 16 fourth powers. It was already 
known that no lesser number than 16 is enough. 
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Critical and co-operative phenomena. IV. A theory of disorder In solids 
and liquids and the process of melting- By J. E, Lbkkabb-Jokjes, F.B.S. 
and A. F. Djevonshibe. {Received 20 December 1938.) 

A theory of the process of melting of a pure solid of one oomponent is woriced out. 
It is based on the h3rpothesis that the essential difference between a solid and a liquid 
is that one is ordered and the other disordered and that a change from one state to 
the other oan be followed by a continuous transition of a variable suitably chosen 
to represent the state of order. This theory is alternative to that given in a former 
paper, but it loads to similar results. Formulae are given for the melting temperature, 
the volume change on melting and the coefficient of expansion of liquids in terms of 
interatomic forces. 

Lindemann’s formxila for melting is found to be a special oonaequonoe of the theory 
and it is interpreted in terms of the force fields of atoms. 

The theory indicates the existence of a critical temperature above which there 
would not be a sharp transition from solid to liquid. 


Interaction between adsorbed substances of simple constitution and 
insoluble monolayers. By N. K. Abam, F.R.S., F. A. Askew and K. G. A. 
Pankhttrst. (Received 30 December 1938.) 

The interaction between simple capillary active solutions and insoluble monolayers 
haa been studied by measuring the surface pressure and surface potential of the 
insoluble monolayers, put on the surface of the solutions. Equilibrium is established 
practically instantly. Penetration generally, but not invariably, occurs at surface 
pressures of the order a few tenths of a dyne per centimetre, phenol having, as a rule, 
the greatest penetrating power, butyric acid, the next, and butyl alcohol the least, 
of these throe capillary active solutes. The principal result of penetration is to disrupt 
the cohesion of the inaoluhle tUm, tunving a normally coherent f&lm into a vapour 
expanded or gaseous one. Penetration may continue up to much higher surface 
pressures, but more fre(|uently, when the film is oompresiMKl, penetration diminishes 
or ceases altogether, and the adsorbed is then usually displaced more or less com- 
pletely from the surface by Uie insoluble film. No evidence has boon foimd of stoichio- 
metric complex formation between the adsorbed and the insoluble molecules, in 
these oases; and the evidence of specific interaction between the active groups in 
the insoluble and the adsorbed film is in these cases very scanty. 
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Structure and thermal properties associated with some hydrogen bonds 
in crystals. Part IL Thermal expansion. By J. M. Robkrtson and A, R. 
Ubbrlohdr. (Communicated by Sir William Bragg, OM., PM.8. — Received 
12 December 1938.) 

The total thermal oxpanHion of NaCl (rock salt), oxalic acid dihydrate (C00H)|2H|0 
and (C00D)|2D|0, and resorcinol (/«H 4 (OH)| and C 4 H 4 (OD)j havo been moasureii 
by X-ray spcxstroacopy, over the tomperaturo interval 90-290° K. Polar diagrams 
have been oaloulatod giving the proportional expansion in various directions m the 
ciystal. Marked anisotropy of thermal expansion is ohwTvod in crystals containing 
hydroxyl and hydrogen bonds. The expansion of the deuterium crystals is slightly 
ttinallor than that of the hydrogen crystals. Possible interjiretations of these observa- 
tions are discussed in tonus of tho role of hydrogen and hydroxyl bonds in the crystal 
structure. 


The histology and self-differentiating capacity of the abnormal cartilage 
in a new lethal mutation in the rat. By H. B. Fell and H. Grunebero. 
(Communicated by J. B. 8, Haldane, FM.S. — Received 28 December 1938.) 

The two chief abnormalities which characterize tho cartilage of the lethal rata are 
(1) the formation of thick capsules arouml tho chondroblasts and (2) very active 
proliferation and chondrogenesis in tho perichonliriuin. In rats of Ices than 19 hr. 
these abnormalities havo only just begun to appear. Tho abnormalities do not 
develop to the same degree or at tho same time in all parts of tho cartilaginous 
skeleton. 
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When cartilage from young lethal rats is explanted in vitro the cartilage survives 
in a healthy condition for about 12 days, but docs not grow, and the abnormality pro- 
gresses little if at all during cultivation. Normal costal cartilage when implanted 
subcutaneously in young lethal rats grows well but remains normal. Cartilage from 
young rats when implanted subcutaneously into normal rata grows vigorously and 
continues to develop its characteristic abnormality. Given sufficient time, the trans- 
planted cartilage develo{)s the anomalies to an extent never reached during the short 
life-span of a lethal. 


The general motion of the aeroplane. By 8 . Brodetskit. (Communicated 
by L, Bairstow^ F,R,S. — Received 30 December 1938.) 

The only information concerning general aeroplane dynamics, unassooiated with 
steady motion and small disturbances, is the tlieory of Lanchester's phugoids, 
published in 1 908 . There has thus boon a generation of stagnation in this regard, and 
the object of the pajior is to initiatt) a systomatic study of the subject. 

The general idea is to <leduco, in the first instance, an approximate solution, and 
then improve it, if nocosaary, by proceeding to higher approximations. The mathe- 
matical process consists in discarding the time lUf tho independent variable, and 
using one of the Eulorian angles instead. Wo assume that one component of velocity 
of tho centre of gravity predominates ovor tho other two components, and that the 
angular motion is slow. Using oxporimental evidence as to the orders of magnitude 
of the various terms in the equations of motion, we find a large niunber of cases in 
which the first approximations admit of comparatively easy solution. 

The method applies to all ordinary aeroplanra, with or without engine; also to 
moving controls, as in the use of tho elevator when flattening out from a divo. 

Wo find that Lanchester's phugoids represent a first approximation to general 
longitudinal flight, when tho macliine is in normal condition, but in oircumstanees 
not usually realized in practice. Now types of first approximation paths are foiuid, 
referring to circumstances that are realized m practice. Tho method also gives 
** three-dimensional phugoids’* that suggest the Immelmann turn, and other new 
throo-dimensiunal paths, as well as the slow spin of tho stalled aoroplano, and tho 
slow roll. 

First approximations to important aerobatics have thus been obtaineil ; some have 
been worked out in detail already, while othors are now being investigated by the 
writor and collaborators. Second approximations have been obtained for looping, 
and for rolling motion. 


Infra-red analysis applied to the exchange reaction between ethylene and 
deuteroethylene. By G. K. T. Conn and G. H. Twioo. (Communicaied 
by E. K, Bidealy F,R,S, — Received 3 January 1939.) 

The interaction of ethylene (CSH4) and deuteroethylene (CBD4) on a nickel oatal3r8t 
has been examined with a view to finding out whether any exchange occurs between 
them imder conditions where exchange between ethylene and deuterium takes place. 
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Analysis was carried out by observing under high dispersion the infra-red absorption 
spectra of the C*H 4 -C,D 4 mixture from 6-9 to 9'3/t before and after heating on the 
catalyst. In particular the Q branches of the and 0,04 deformation fioquencies 
at 0*92 and 9*25/t respectively were carefully examined to find out whether any 
diminution in the CaH 4 or C,D 4 pressures had occurred. The region between these 
two frequencies was investigated for evidenco of the “cross compounds** which 
would arise from exchange. 

The absorption spectra of the mixture before and after heating were materially 
identical and so exchange between the two ethylenes could be detected, within the 
limits imposed by the sensitivity of the technique. 

The sensitivity of the method of detf)Ction of exchange was investigated using 
the CgH 4 and CgDg Q branch absorptions. A diminution in the ethylene pressure 
corresponding to one-sixth of complete reaction could have readily lieon detected. 


The exchange reaction between ethylene and deuterium on a nickel 
catalyst. By G. H. Twiog and E. K. Bideal, F.R.S. (Received 3 Jantuiry 
1939.) 

The exchange and hydrogenation reactions between ethylene and deuterium on 
a nickel catalyst have been investigated over the temperature range 60- 207"^ C. 
The kinetics of both reactions at 150^ C are identical, the rate in both cases being 
independent of the ethylene pressure and directly proportional to the deuterium 
pressure. The hydrogen produced in the exchange reaction is not at equilibrium with 
itself. The reaction Hg-|-Dg^2HD on the catalyst is completely inhibited up to 
160° C owing to the strong adsorption of the ethylene, and oquihbration of the 
hydrogen only takes place through the exchange reaction. At about 1 60^ 0 desorjition 
of the ethylene sots in. From a consideration of the state of equilibrium of the 
hydrogen at the beginning of the reaction, it is shown that each deuterium molecule 
entering reaction undergoes a number of exchanges before desorption; the actual 
exchange process is fast and the rate determining stop in the reaction is the adsorption 
of the deuterium. 

The actual exchange process takes place through the primary addition of a deuterium 
atom to a chemisorbed ethylene molecule forming an ethyl radical which then decom- 
poses to give a deutorated ethylene molecule and roloaso a hydrogen atom. On 
the basis of this additive mechanism, predictions have lieen mode as to tlie double 
bond migration and the exchange reactions in higher olefines. A mechanism has 
been advanced to exj ilain the course of the exchange reaction including the adsorption 
of the doutorium. The present experiments also suggest that in hydrogenation the 
hydrogen molecule adds as a whole to the ethylene and not by atoms. 

Iho energy of activation for exchange is constant at 18*6 kcal. up to 100” C, but, 
above 100° C, becomes temperature dependent, decreasing to 4 kcal. at 207° C. The 
difference in energies of activation for exchange and hydrogenation is constant ovw 
the whole temperature range, that for exchange being 4-5 kcal, greater than that for 
hydrogenation. The decrease in energy of activation with increasing temperature 
in both reactions is attributed to desorption of the hydrogen held above the chemi- 
sorbed ethylene layer. 
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The thermal and electrical resistance of bismuth single crystals: the 
effects of temperature and magnetic fields. By G. W. C. Kate. (Cotn- 
munieated by C, G. Darwin, F.R.8. — Received 3 January 1939.) 

The thermal aiid eloctrioal resistivities of bismuth single crystals have been studied 
at a aeries of temperatures from 25° up to 1 60° C. In either case, the values for a 
direction parallel to the trigonal axis are greater than for those at right angles. 
The temperature coeflioient is i)ositive in every ease, being roughly twice as large for 
the electrical resistivity as for the thermal. 

The ofTecta produced on the resistivities of bismuth crystals by magnetic fields 
up to about 20,000 gauss liave been measured for various crystal orientations using 
fields both parallel and at right angles to the thermal or electrical fiow. In all 
ciroumstancos, the resistivity is increased by an amount which is invariably greater 
(usually substantially) for the electrical resistivity than for the thermal. The effects 
are most pronounced when the thermal or electrical fiow is parallel to the trigonal 
axis, and the field is at right angles to one of the three ‘Mines'* or secondary axes. 
The effects are least pronounced when the field, the fiow and the trigonal axis are 
all parallel. In all the orientations, the effects are relatively small and approximately 
parabolic for fields up to about 2000 gauss, thereafter becoming linear and more 
pronounced for stronger fields, except for one or two orientations where there is 
a tendency to “saturation**. 

The observations lend support to the view that there are two conducting mechanisms 
through the medium of which a magnetic field can affect the conductivity, one pro* 
dominating for electrical conduction while both appear to bo operative for thermal 
conduction, their relative contributions varying with the orientation. 


Molecular layers (Pilgrim Trust Lecture, 1938). By 1. Lanomutr, 
For.Mem.R.S. {Received 6 January 1939.) 

The forces between molecules of organic liquids of non-ionic type are ordinarily 
of such short range that they act only when t>io molecules are in contact. The 
magnitude of the force depends mainly upon the area of and the nature of the two 
contacting rnulocular surfaces. This principle of independent surface action has boon 
a useful g^ide in the development of theories of surface tension phenomena, and 
should be equally valuable for theories of vapour pressures, and solubilities. It leads 
directly to the concept of molecules having hydrophobic and hydrophilic parts which 
spread os oriented monolayers on a water surface. 

Such monolayers can have the properties of two-dimensional gases, liquids or 
solids. A type of film called a duplex film, having no three-dimensional analog, has 
two interfaces (an upper and a lower) which are separated by a thin three-dimensional 
layer (the interstratum). 

Expanded films, such as monolayers of myristic acid on acidulated water, are 
duplex films in which the interstratum is a hydrocarbon liquid. The lower interface, 
contains all the liydrophilic groups. Tliese, because of thermal agitation, constitute 
a two-dimensional gas that exerts the surface pressure causing the expansion of the 
film. 
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Many proteins, although very soluble in water, form remarkably insoluble mono* 
layers which are duplex films. The interstratum consists of polypeptide chains which 
form loose loops attached at intervals to the upper interface by hydrophobic groups. 
These givo to the upper interface the properties of a two-dimensional gas. When the 
monolayer is compressed, some of the hydrophobic groups are clrivon from the 
upper interface into the interstratum. The irreversible formation of the monolayers 
indicates that the globular proteins have an entirely clifTeront structure and give 
support to the cyclol theory. 

The visoasities and elasticities of monolayers furnish information reganling the 
cross linkages between the chains. 

Stearic acid spread on water containing traces of barium salts gives monolayers 
which can be deposited by a dipping process upon solid plates. By successive dips 
any number of layers, up to 3000, can be built up. Optical measurements, involving 
interference of light redacted from the top and bottom surfaces, give accurately the 
thickness of the film. 

Single monolayers of various substances, deposited ujion barium stearate multi- 
layers of critical thickness (about 1/4 wave-length), are readily visible to the naked 
eye because of the cliange of colour. With monochromatic light the thickness of the 
monolayer can be measured to within about 2 A. 

The barium stearate multilayers are both hydrophobic and oleophobic (non- 
wettable by oil). Dipping into dilute solutions of thorium nitrate causes an over- 
turning of the outside layer of molecules, making the surface polar and hydrophilic. 
Such conditioned surfaces can adsorb many organic aulistances from solution, giving 
observable increases of thickness. This technique servos as a valuable tool in biological 
investigations. 

Free stearic acid in barium stearate multilayers can be dissolved out by dipping 
the film into benzene containing 1 % alcohol leaving a skeleton of unchanged thick- 
ness. but of refractive index which may be as low as 1 *2. The application of a drop of 
oil fills the pores of the skeleton without wetting the surface and restores the original 
ooloiir. Filins of many substances may be deposittxl upon skeleton films and the 
permeability of the deposited film to liquids or vapours can thus be measured optically. 


The formation of helium molecules. II. By F. L. Aenot and M. B. M’Ewen. 
{Communicated by H. S. Allen, F.B.8. — Received 9 January 1939.) 

An investigation of the formation of ionized helium molecules has been made by 
means of a moss spectrograph. The rraults obtained confirm the conclusion reached 
in OUT first paper on this subject from loss definitt^ eviilcmce, it is shown that helium 
molecular ions are formed by the attachment of atoms m the I«2s, *S motastable 
state of 19'77 oV energy to normal atoms in the ground state Is®, according to the 

procoes ^ ,g j 2p«r, ‘iU) + e. 

Since the ground state of the neutral molecule is unstable this process fixes an 
upper limit of 19*77 V for the ionization potential of the moUxjulo, The lower limits 
for the work of dissociation of the neutral molecule in its lowest stable state 
l«<r* 2p<r2«(r, and of the ionized molecule are found to be, respectively, 4*23 and 
4*70 eV, which are both 1*7 eV higher than the asually accept'd values. 
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Attention id drawn to the faot that these molecular ions are formed from excited 
atoms in S -states, whereas we have shown that mercury molecular ions are apparently 
formed only by excited atoms in P-states. 


Utilization and digestion of carbohydrates by the adult blow-fly. By G. 

Frabnkbl. (Communicated by D. M. 8. Watson, FM,S, — Received 16 January 
1939.) 

A series of different sugars and sugar alcohols has been fed to adult flies and their 
nutritional value determined by their effect on tho longevity. 

All the di- and tri -saccharides and glycosides which are of groat nutritional value 
for the flies are split in the gut of the flies by enzymes, the presence of which could be 
demonstrated in vitro. No enzymes could bo found by the same method which would 
split any of the non-utilized substances. 

Weidenliagen’s theory on tho specificity of carbohydrases offers a full explanation 
of the results of the feeding and digestion experiments. The presence of only two 
enzymos, a-glucosidaso and a-golactosidaso, in the gut of tho fly would account 
for the different action of different di- and tri-saccharidt)s and glycosides. 


Determination of the adiabatic piezo-optic coefficient of liquids. By Sir 
Vknkata Raman, F.R.S., and K. S. Venkatabaman. (Received 16 January 
1939.) 

The piozo-optic coeffleiont defining the change of refractive index of liquids with 
pressure lias till now been measured only for the coso of isothermal compression. 
In such important applications, however, as tho theory of tlie diffraction of light in 
ultrasonic fields and of the scattering of light in liquids by the Debye waves, it is 
tho effect of adiabatioally applied pressure on tho refractive index which requires 
to be known. In tho present paper an exxioritnontal technique is described which 
enables the adiabatic piozo-optio coefficients of liquids to be measured with standard 
laboratory equipment and actually with greatt^r ease and precision than the corre- 
sponding isothermal coefficient. Tho results obtained for six common liquids arc 
discussed with roforenoo to (1) tho deviations from tho Lorentz refraction formtila, 
(2) tho variation of refractive indox with change of temperature when the density 
is maintained constant, (3) the relation betwoon tho adiabatic and isothermal piezo- 
optic ooefficionts. Tliese throo matters arc shown to be closely connected. The results 
and the discussion based theieupon show clearly that the present technique opens 
up a field of rt^ajrch which is of considerable interest in relation to the optical 
properties of liquids and their molecular structure. 


The mechanism of polymerization reactions. 1. The polymerization of 
styrene and methyl methacrylate. By R. G. W. Norrish, F.R.S., and 
E. F. Brookman. (Received 16 January 1939.) 

A study of the kinetics of tho polymerization of methyl methacrylate and the 
co-polymerization of methyl methacrylate and styrene as typical vinyl compounds 
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has been made at various temperatures between 80 and 130** C. In the absence of 
a oata] 3 mt the reaction is slow and irreproducible, but with benzoyl peroxide or the 
ozonide of methyl methacrylate as catal 3 rst the reaction is fast and of zero order. It 
is concluded that in the absence of added catalyst the reaction is dependent on the 
presence of adventitious catalysts. After between 10 and 20% of the methyl meth- 
acrylate has polymerized the reaction becomes self-heating witli a corresponding 
increase of velocity. This is correlated with the sujiprossion of convection currents 
as the medium loses its fluidity and the consequent loss of isothermal conditions due 
to the poor conductivity and high heat of reaction. The velocity of co-polymerization 
is always between the velocities of polymerization of the two pure substances and 
follows a simple law. 

Measurements of molecular weight have been mode throughout the course of 
polymerization of methyl methacrylate and styrene in the presence of catalysts. 
With the former the molecular weight of the polymer grows steadily with the 
percentage polymerization. With the latter it first grows and then remains constant. 
In the COSO of styrene without catalyst, however, the molecular weight remains 
constant throughout the whole of the reaotion. 

These facts are correlated by a theory of the kinetics of polymerization in which 
the rate of reaction is limited by the rate of chain propagation rather than by the 
rate of initiation of chains. The theory is supportoil by the fact that the energy of 
activation in the cose of methyl methaciylate is apparently indojicndent of the nature 
of the two catalysts used. It explains adequately the varied observations on the 
molecular weight during polymerization. A mechanism of polymerization based on 
an earlier theory of Staudinger is iiroposod. The polymerization is supposed to bii 
started by free radicals or other reaotive centres derived from the catalyst and to be 
propagated by way of a free valence at the end of the growing chain. From time to 
time the growing chain may be terminated by hydrogenation at the oxjienso of tht' 
monomer, but this results in the starting of a new chain by the monomeric free 
radical produced. In this way the number of reaction centres is maintained oonstant 
and proportional to the concentratioTi of catalyst and the reaction is consequently 
of zero order. 


Synthetic oestroftenlc compounds related to stllbene and dlphenylethane. 
Part L By E. C. Dodds, L. Golbebq, W. Lawson and Sir Robbbt 
Robinson, F.R.S. {Received 17 January 1939.) 

Following the discovery of the oestrogenic activity of certain simple di -phenols 
such as 4 : 4'-dihydroxydip}ionyl and 4 : 4'-dihydroxystilbene, a survey of analogous 
substances was instituted in order to study the relation between constitution anil 
biological activity. Direction was given to this investigation by the selection of 
oompoimds the structure of which bears a close relation to that of oestradiol, and 
from this point of view attention was early concentrated on 4 : 4'-diAydroiry-a/?- 
dieihylstilbme and the dihydro-derivative of this substance. 

A method of synthesis has been devised that enables the alkyl groups in the ap 
positions to be varied, and a largo number of dihydroxydialkylstilbenos has boon 
prepared and examined for their oestrogenic activity. 
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Deoxyanisoin is alkylated » then submitted to the Qrignard reaction and the product 
dehydrated. Demethylation is effected by moans of alcoholic potassium hydroxide 
in an autoclave. The maximum activity is foimd in the diethyl -compound which is 
comparable with the natural hormones and oven surpasses them, 

Finacols derived frotn p-hydroxyacylophenonea are oestrogenic, and here again the 
pinaool from p-hydroxypropiophenone possesses the maximum activity for the aeries. 
This pinacol on dehydration affords a diene which is a remarkably potent oestrogenic 
agent and more so than its lower and higher homologuos. It is particularly effective 
when administered orally. 

The oestrogenic activity of certain naphthalene derivatives and of trans-dihydnixy- 
hexahydrochrysene has also been examined but these substances are not comparable 
with 4 : 4'-dihydroxy-ay^-diethylstilbene or its dehydro -derivative, the above-men- 
tioned diene. 

A atereoisomeride of dihydroxydiothylstilbene has boon isolated and characterized, 
and it is a less powerful oestrogenic agent than the iaomoridc. 

On catalytic reduction the dione or this pseudo -derivative afford a dihydroxy- 
diethyldiphenylmethnne, in.p. 184^0, which has been foimd in an independent 
research to be one of the most powerful oestrogenic agents known. 


The protobranchiate molluBca ; a functional interpretation of their structure 
and evolution. By C. M. Yonob. {Communicated by W. T, Caiman, — 
Received 19 January 1939.) 

The Protolirancliia ropresont the one unquestionably natural group within the 
class Lamollibranchia. n''he large foot permits movement into and through a soft 
substratum. Feeding, except in the modified Solenomyidae, is by means of the palp 
proboscis which collects organic iletritus from the substratum. In these respects 
the structure of the Proto branch ia probably corresponds closely to that of the 
primitive Lamollibranchia, the evolution of the fialp probosculos permitting retreat 
of the mouth from the substratum and the enclosure of the body within the bivalve 
shell. This involved life on a soft substratum, so that the apparently specialized 
foot is probably primitive for the Lamellibranchia. 

The Nueulidoe arc the most primitive of existing Protobranchia, having an anterior 
inhalant current, primitive ctonidia essentially respiratory in function, and hypo- 
branchial glands. Conditions are essentially similar in the Solenomyidae, but the 
ctenidia are enlarged os feeding organs. The Nuculanidoe possess highly specializod 
“pumping” ctenidia forming delicate septal membranes, the fUaments being united 
by complex ciliated junctions to each other and to the siphonal septum. The inhalent 
current is posterior, and siphons occur which in different species show interesting 
stages in the conversion of ciliary into tissue jimotionB. Rejection of sediment from 
the mantle cavity is by cilia except in the Solenomyidae whore it is brought about by 
the intucking of the ventr^, uncalciiled rogions of the shell. 

Tho alimentaiy canal is correlated in structure with the nature of the food particles 
collected by the palps. There is a dorsal crushing region lined with chitin and a ventral 
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Btyle-Bao** region which secretes mucus. Particles are embedded in this to assist 
triturition and the formation of faeces. There is no amylase and so no extracellular 
digestion. The digestive diverticula are organs of intracellular digestion. They consist 
of paired masses except in the Nuculanidae, where there is an additional mass of 
wide diverticula opening near the entrance of the oesophagus and into which larger 
particles enter. There arc no wandering phagocytic cells. The intestine and rectum 
are concerned exclusively with the consolidation of faeces. 

The nature, interrelationships, systematic position and evolution of the Proto - 
branchia are disouaaed. 


The infra-red absorption spectrum of tetradeuteroethylene. By U. K. T. 

Conn and G. B. B. M. Sutherland. {Cotnmunicated by R. G. W. Norrish, 
F,R,S, — Received 23 January 1939.) 

The infra-rod absorption spoctnim of totradoutorocthylene has boon olmerved 
between 660 and 3100 cm.“' imder high disperaiun, the object being to discriminate 

(а) between different assignments of the fundamental frequencies of ethylene, 

(б) between diffen^nt force fields which have been proposed to correlate the internal 

vibrations of the molecule. Strong absor^ition was found near 720, 1080, 2200 and 
2360 cm.*^ while weaker absorption took place near 1290, 1600 and 2970 cm.~L 
All of those bands exhibit sharp Q branches except that at 2350 the contour 

of which it was impossible to obtain because of strong atmospheric absorption duo to 
carbon dioxide. The band at 720 cm.~^ is particularly interesting in that the Q branch 
is double. Tlie <|uestion of the assignment of the fundamental frequencies of ethylene 
IS discussed in detail, and it is shown that none of the present assignments can be 
regarded os satisfactory. '’Ilie comdation of the observed froc|uetioies of tetra- 
deuteroethylene with those of ethylene is achieved by use of the general er^uations 
for the isotope effect, and by comparison of the contours of the ban<ls. In thir way 
a new assignment of the frequencies of ethylene is arrivwl at which satisfactorily 
accounts for all the infra-red and Hainan frequencies of botli molecules. Since this 
new assignment cliffers from all previous ones it is possible to make the comparison 
between predicted and observed values of the isotopic frequencies only for those of 
the fundamental froqiiencioa which have not boon n^assigned. A new descriptive 
notation for the twelve frocpienoies is introduced to avoid the confusion existing 
l>etween present numerical notations. 


Two-phase equilibriums in binary and ternary systems. By M. Ruhemann. 
{Communicated by A. C, Egerton, Sec.R.S.— Received 23 January 1939.) 

It ia shown that the relations between temperature, pressure and composition for 
a binary liquid in equilibrium with its vapour in general cannot be calculated with 
the help of thermodynamical formulae containing only the thermal data of the pure 
oomponentcl. 
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After a summary of existing methods for determining liquid- vapour equilibrium, 
an apparatus is described through which a mixture is passed slowly at a given 
temperature and pressure, whereby it is separated into two phases. The compositions 
of both phases are determined continuously with a catharometer. 

Pressure-composition curves of methane-ethane mixtures were obtained at — 104, 
— 88, — 78, — 42 and 0^* C at pressures up to 100 atm., and the results were used to 
calculate temperature-composition curves for 6, 10, 16 and 20 atm. The critical 
pressures of methane-ethane mixtures were found to be very much higher than those 
of either component, so much so that, in the pressure interval covered, a platt point' 
could be observed only at 0° O. At — 78°, only 4° abovo the critical point of ethane, 
the critical pressum has risen from 46*8 atm. for pure methane to a value well above 
100 atm. At low pressures methane-ethane mixtures show only slight deviations 
from perfect solutions. 


The theory of crystal rectifiers. By N. F. Mott, F.R.S. (Received 24 
Janvary 1939.) 

The existing theories of the action of crystal rectifiers assume that between the 
semi-conductor and the metal there is a potential barrier which the electrons pene- 
trate by the tunnel effect. It is shown that this theory gives rectification in the 
opposite direction to that observed. An alternative theory is proposed; the nature of 
the potential barrier is discussed, and it is assumed that electrons have to be thermally 
excited so that they go over the barrier instecKl of through it. Qood agreement with 
experiment is observed. 


Cosmic rays at high altitudes. By H. J. J. Braddiok. (Cmnmunicated by 
P. M, S, Blackett, RR,S, — Received 26 January 1939.) 

Measurements of cosmic-ray bursts have been made in an aeroplane up to heights 
of 9*2 km. The number of largo bursts is found to inoreasa more rapidly than the 
number of small bursts, and both largo and small bursts more rapidly than the number 
of showers recorded by counters. This is taken to indicate a change in the energy 
distribution of the electrons with height. 

At a height of 9 km., the ratios of large bursts, small bursts, showers, and singles 
to the corresponding values at sea-level are approximately 126 ; 1, 90: 1, 67 : 1 
and 18 : 1. 


The propagation of a pulse In the atmosphere. By C. L. Pekeris. 
(Communicated by 0, /. Taylor, FM,8. — Received 30 January 1939.) 

It is shown that in a comj>osito atmosphere, such as was assiuned in a previous 
paper in connexion with the theory of atmospheric tides, a surface pulse would 
excite waves of the first and second modes of oscillation, the amplitude of the former 
being greater than that of the latter by a factor varying from 2*4 to 2-9.«This factor 
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would tend to increase on account of dispersion. Some records of the atmospheric 
wave which was caused by the Krakatoa eruption of 1883 are discussed with a view 
to identifying the wave of the second mode. There are indications of this wave in 
the first paasago and, to a lesser degree, in the second passage. The energy of these 
waves is estimated to be of the order of 10** oi*g8. In the appendix is given the 
distribution with height of the vertical velocities in the two modes of oscillation of 
a model atmosphere. At heights of the order of 100 km., these velocities are found 
to be in phase with the surface pressure for both modes. 


Coriolis perturbations in the methane spectrum. IV. Four general types 
of Coriolis perturbation. By H. A. Jahn. (Communicated by Sir William 
Bra>gg, O.Af., PM.S. — Received 1 February 1039.) 

In this paper a group- theoretical classilication is made of the types of (JorioUs 
perturbation whicli are possible in a tetrahedral moUniule. It is shown that there are 
in all four distinct typos of CWiolis pc^rturbation of an infra-red active vibrational 
level. These arise from a Coriolis coupling of the rotational levels of this typo 
vibrational level with tho rotational levels of A ,, JS?, and F^ type vibrational levels 
respectively. The A-F, type perturbation has boon investigated in previous papers 
and here general formulae are derived for tho matrix elements of the Ag-Fg, F^-Fg 
and Fg-Fg type iwrturbations. It is shown that the h\ and Fg-Fg tyjie ptjrturba- 
tions do not produce a splitting of the individual rotational levels, tho hrst causing 
a displact'ment of the Q branch levels alone and tlie second a displacement of the 
P and R branch levels alone. The Fj-Fg type like the F-Fg typo perturbation pro- 
duces a splitting as well as a <liHplacoment of tho rotational levels. The energy matrix 
determining this splitting is factorized up to the tenth rotational quantum numbe^r 
with tho help of group theory. The formulae given here form the necessary l>asis for 
an analysis of any infra-red absorption band of methane. 


Cytochrome and cytochrome oxidase. By D. Keilin, F.R.S., and E. F. 
Harthee. (Received 2 February 1939.) 

The effects of respiratory inliibitors on cyUxAirome coinponortts as slio wn by rhanges 
in the appearances of their a, fi and especially their y bands reveal tho existence of 
a new component, Og. Tho study of this component strongly supports the view 
identifying it with cytochrome oxidase. 


The influence of nitrogen peroxide on the two<>8tage ignition of hydro- 
carbons. By G, P. Kane. (Communicated by A. C. Egerton^ SecM S, 
Received 2 February 1939.) 

In a study of the influence of NOg additions on the spontaneous ignition of higher 
hydrocarbon -oxygen meilia, it has boen found that its action de}>endB upon the 
temperatures employed. At 430° C, i.e. above the temperature region where cool 
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flamoB are propagated, NOs in ooneentrations up to 6 % always promotes the ignitions 
as is indicated by a reduction in the minimum pressures for spontaneous ignition and 
a shortening of the time lags. At lower temperatures, under oiroumstanoes involving 
a two-stage ignition, the effect of NOg additions is of a composite nature consisting 
of a simultanoous inhibition of the reactions leading to cool flames and a promotion 
of the direct oxidation of the hydrocarbon. 

With propane the inliibiting inAuenoo is marked by a lengthening of the cool 
flame and total time lags and (fi+fg) respectively) with small NOg additions, as 
well as an increase in the minimum pressure for the two-stage ignition. At a critical 
concentration of about 3*26 % NOg, however, the cool dames are no longer observable; 
beyond this concentration, an overall promoting influence induced by the direct 
oxidation becomes evident and is characterized by abrupt ignitions at greatly reduced 
minimum pressures and shorter time lags. 

With n-butano, the inhibition is indicated by a continuous inorease in the time 
lags with NO, additions and elimination of the cool flames when more than 5 % of 
it is added. The promotion of the direct oxidation by NO, is greater with n-butane 
than with propane, and results in a lowering of the minimum pressure for the two- 
stage ignition with small NO, additions; with large amounts of NO, an anti -catalytic 
influence becomes evident probably as a result of self-neutralization of active centres. 

A similar influence is observed with acetaldehyde. As the inhibition of the cool 
flame reaction is greatest with acetaldehyde the latter material is considered to bo 
of primary importance in the formation of cool flames. 

Tlie behaviour of nitrogen peroxide ts interpreted in relation to the promotion 
of a prunary direct oxidation A C, which occurs mainly at high temperatures, 
and the inhibition of a two-stage reoettion A -> B C, predominant at lower tem- 
peratures by a process of neutralization of the active intermediate product B. Tho 
oliservod spocifle influence of NO, on those different stages in the combustion of higher 
hydrocarbons is discussed and the bearing of these results on knock" is indicated. 


The monaural threshold: the effect of subliminal and audible contralateral 
and ipsilateral stimuli. By J. W. Huohks. {Communicated by T, Graham 
Broum^ F.B.S, —Received 3 February 1939.) 

Application of contialatera! subliminal stimuli decreases the monaural threshold, 
whatever the relative frequencies of tho two notes used. Tho deoreose is such that 
the sum of the energies applied to each ear, expressed as fractions of the corresponding 
monaural threshold energies, is unity. Ipsilateral subliminal stimuli also decrease 
the threshold, but loss than do oorresponding contralateral stimuli. 

For two notes differing considerably in pitch tho monaural threshold is unaffected 
by contralateral audible stimuli of intensities up to 16 db. above their threshold. 
No definite threshold variation occurred when similar audible ipsilateral stimuli 
were applied. 

The explanations previously given for the first results ace modified, and central 
summation is discussed. 
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Absorption of electromagnetic waves in the earth's atmosphere. By 

R. R. Bajpai and K. B. Mathur. {Communimied by M. N. Saha^ 

— Received 17 Jamvary 1939.) 

The paper gives an analytical treatment of the absorption of the two magneto *ionio 
components of radio waves in the upper atmosphere for all the magnetic latitudes. 
General expressions for refractive index and absorption ooenicient in the quasi- 
longitudinal and quasi -transverse types of propagation have been derived and 
discussed. Curvi'S showing the variation of thi^ regions of the validity of the q.l. 
and Q.T. approximations with magnetic lalitudos have lieen tlrawn fur five different 
frequencMes. It is seen from these figures that in the non-refloctmg region u.T. approxi- 
mations are valid for places very near the magnetic equator while Q l. approximations 
hold in the rest of the places; it has been shown that at a particular level in the former 
region both the waves are almost equally absorbed but in the latter, the o-wave 
suffers less absorption than the n-wavt*. The curves furtlier show that for propagation 
in the reflecting regions the entire surface of the earth can bti divided up into three 
regions : (1 ) tho magnetic equatorial latitudes, (2) the intermediate magnetic latitudes, 
and (3) tho high magnetic latitudes. It has been shown that at a particular level in 
case (1) according as p hut in case (2) k^>k^ and in case (3) k^<k^^ 

irrespective of the fact whether p Pa . 


The atomic heat of liquid helium below I'^K. By G. L. Pickard and 
F. Simon. {Communicated, by F. A, fAndemann, FE.S, — Received 24 
January 1939.) 

Details are given of a recently constructed helium liquefier using the expansion 
method. In this apparatus the "capsule** technique, which is described in some 
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detail^ has been used to cool liquid helium to low temperatures by the magnetic 
method. 

The atomic heat of liquid helium has boon meosnrod between 0*25 and I**. It is 
shown that the aiiomalouH specific heat clue to the A -phenomenon dies out just below 
1®, and at lower temperatures the specific heat may be represented by a Debye 
Function with a ^ of 17®, Further reasons are given supporting the view that below 
about 0*8® the specific heat is entirely due to thermal vibrations. 

On the thermodynamics of moving matter. I. Phenomenological theory. 

By D. VAN Dantzio. (Communicated by P, A. M, Dime, F,RM. — Received 

6 Febnuiry 1939.) 

The paper contains an outline of the phenomenological tlierrnodynnmics of mov'ing 
matter, more in particular of porfoctly perfect fluids, with special regard to the 
invariance luidcr arbitrary transformations of co-ordinates m space- time, and to 
the independence of metrical gfsornetry. 

It is shown tliat the fundamental equations can bo brought into an invariant form 
which holds in classical os well os relativistic physics. This can be done by moans 
of the U'lnporaturo vector, the time component of which is the reciprocal absolute 
temperature and whicli is directed along the maoroHcopical world -linos, and the 
vector of average momentum and enthalpy pro particle. The fundamental invariant, 
called “thermosy”, is the time integral of the absolute tomperature. 

As a s|>ecial result a relativistic effect (too small to bo observable) is found, stating 
that a temperature gradient in a flowing irn{>erfectly perfect fluid (e.g. liquid holimn) 
gives rise to internal friction. 

The equations of motion of point electrons deduced from a variational 
principle. By T. Lewis. (Communicated by E. A, Milne, F.R.S. — Received 

7 February 1939.) 

The equations of motion of point electrons are derived on the assumption that they 

move in such a way as to make the integral jjj j(bl^’-E^) dxdydzdt stationary as 

compared with its value for neighbouring motions wliich leave the lengths of small 
elements of the world lines of electrons unchanged. The (rest) mass of an electron 
enters as a Lagrongian multiplier and turns out to bo constant. This method leads to 
equations which are identical m form with those obtained from Fokker’s variation 
principle. The equations of motion of a single electron in an electrostatic field aro 
shown to bo those in general use for the relativity electron. The resisting force due to 
radiation, which is a consequence of the electromagnetic theory of mass, is absent 
in the present theory, which differs in this respect from those of Dirac and Pryce. 

Studies on the reproduction of the dogfish. By H. Mbttbn. (Communi- 
cated by //, Graham Cannon, F.R.S, — Received 9 February 1939.) 

For abstract, see Nature, Land., 143, 121, 21 January 1930. 
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Some factors producing Individual differences in dark adaptation. By 

L. R. PHnxiPS. {Communicated by C. LomU Emns, F.R.8. — Reived. 
13 February 1939 .) 

By meanB of the light thresholci method, with circumfoveal observation and white 
intermittent stimidi of J se(j. duration, tho course of dork adaptation was traced over 
a period of 20 min. in two groups of forty and twenty -six observers. 

By correlating measures of ])upil diameter, general colouring, visual acuity in the 
light, retinal pigmentation and age with the corrt'sponding {lerception tunes for 
selected tost patch brightnesses, and by estimating the significance of tho rogressicuw 
over tho whole of the data, tho influence of those factors was determined. 

The first group, males of approximately 20 years of age previously dosed to 
oluniriate vitamin A deficiency, showed tho influence of pupil diameter in tho light, 
and in tho dark, to be I uglily significant. A comiiaratively largo pupil in the light 
retarded dark adaptation, whilst a large piiinl diameter in the dark accelerated it. 
By tho same method, the influence of general colouring and visual acuity m the light 
was shown to be negligible, but there was some evidence that high retinal pigmenta- 
tion favoured more rapid dark adaptation. 

In the second group, males and females, aged 17-70 years, increase in age was 
shown significantly to retard <lark adaptation. This oilect was not duo to changes in 
the diameter of the pupil in tho light with age, hut in part to a decrease in the pupil 
diameter in the dark. 


Deviation from the Coulomb law for the proton. Jiy ?{. Frohuch, W. 
Hkitlkr and B. Kahn. {Communicated by N. F. Motl, FM.S, - Received 
13 February 1939.) 

We have calculatf‘d the deviation from the Coulomb law of force for the proton 
on grounds of tho mesotron thi‘ory of the nuclear particles. The effect is duo to tJie 
fact that the proton spends a certain fraction of its life in a dissociated state as a 
neutron and a positive mesotron, the latter having an average distiinc(5 from tho 
neutron of the order of magnitude of the (‘Icjetrouio radius r^. Tho result is the 
following; The ('oulomb attraction (for a iiogat.ivo jmint cliarge) goes over mto a 
strong repulsion for distances loss than about l/6ro. 

This would Icaii to a shift of tho hydrogen (S’-lcvols towards higher energies of the 
order of 1 cm.“* for the 1jS-1ovo1 and ono-oighth of this figure for tho 2iS-level. This 
IS compared with recent experiments by B. C, Williams on the fine structure of tho 
and line which, according to Pasternack, can bo explained by assuming a 
shift of the 2iSr-level by 0-03 cm.‘ 

How for these results lie within tho limits of validity of present quantum mechanics 
18 discusBod. — 

On the photo-ionlzatlon of molecules. By B. D. Nao CiiowDiiUBi and K. 
Basu. (Communicated by M. N. Saha, FM.S. —Received 13 February 1939.) 

In this paper on attempt has been made to calculate theoretically a formula for 
the absorption coefficient indicating photo -ionization of molecules. Tlie particular 
case attempted is that of H*, and for the transition Is* -► Isoos. The Hij -ion plus tho 
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free electron has been regarded as consisting of two H-atoms, one in the normal 
Is-state, tlie other in the state cc8, which indicates an electron describing a hyper- 
bolic orbit with the angular momentum = 0. This case has been selected for its 
simplicity, though the actual absorption corresponds to la* lacop, i.e. the hyper- 
bolic orbit of the free electron should have I — No solution of this case has yet been 
obtained. 

The case is further comjilicated by the foot tliat the Fronck-Condon principle has 
to be taken into account, as the nuclear distances of the normal H,-atom and Hg-ion 
are widely different. 

The actual formula for r(v) has a very complicated fonn {vide formulae (34*1) 
and (44)} and the T(p)/»'-curve is shown in Fig. (2). It consists of a series of dis- 
continuous stri|w, starting from the least ionization-frecpiency, and jumping 

disconthiuuusly at eacli point, v= I'o-l-e'wo where wj is the fundamental vibration 
frequency of the -ion. The maximum value of t(v) is reached at v = rg + 2a>o for the 
particular transition considered in this paper. 

It is considered jirobable that the general form of the photo -ionization curve for 
diatomic molecules will be of this form. 


The development of the vertebral column and Weberian ossicles of the 
goldfish (Carassius auratm). By J. M. Watson. {Communicated by E. W, 
MacBride, F.R.S.- ‘Received 14 February 1939.) 

The early stagev^ of the (lovelopment and formation of the vertebral column and 
Weberian ossicles in the goldiish {(*araa8iU8 auralus) are described from the time of 
hatching till the adult condition is acquired at 2r> mm. and it is concluded that: 
the centrum arises by ossification first of the fibrous sheath and later of the peri- 
chordal sheath; cartilaginous basidorsals and mosonchymatous basiventrals and 
haemapophyses are present in the posterior unmodified vertebrae ; neither dorsal nor 
ventral intercalanes occur, the vertebral column being essentially monospondylous, 
oven in the anterior region where there is some modification owing to the presence of 
the Weberian ossicles; supradorsals are lacking; the anterior zygapophyses arise as 
processes of the neural arch, and the posterior zygapophyses os processes of the 
periohordal sheath; the spinal cord in tho region of the first vertebra (which lacks a 
neural arch) is roofed over by a backward extension of the exoccipitals ; the basi- 
dorsals of the second (part only), third and fourth vertebrae fuse with the first three 
interspmous bones to form a massive arch of cartilage which later gives rise to the 
neural arches and neural spines of tho compound vertebra and the fourth vertebra; 
the transverse proccssos of tho first and second vertebrae ore homologous with the 
dorsal nbs of Selochii ; the centra of the second and third vertebrae fuse to form a 
compound centrum ; tho ossa susponsoria are modified haemapophyses ; tho claustrum 
arises as a direct ossification of the connective tissue forming the wall of tho atrium 
sinus imparis; the scaphium arises in part from the bosidorsal of tho first vertebra, 
in part from an independent mesenchyinatous rudiment; the intoroalarium arises 
m part from tho basidorsal of the second vertebra, in part from an ossification of the 
interoBsicular ligament; the tnpus arises in part from the basiventrfd of the third 
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vertebra and in part from an independent meeenchymatous rudiment, together with 
a small ossification of the interoasicular ligament and a small ossiilcation of the outer 
coat of the air-bladder; the condition of the embryonic Weberian chain in the goldfish 
is so similar to the adult condition in the Siluroideu tliat in all probability the indirect 
cyprinoid system lias evolvijd from the direct uiluroid system. 


The effect of electrolytes uiKin the interfacial tension between water and 
dekalln (frotis-decahydronaphthalene). By W. L. Guest and W. C. M. 
Lewis, F.R.S. {Received 10 February 1939.) 

Employing the drop-volume sialogmoineter as developed by Dedrick and Hanson 
the intorfaoial tension between dekalin (franw-ilecaliydronaphthalene) and aqueous 
solutions of the following salts lias bcf^n df*terinm(«d as a function of concentration 
at 26° C: KCl, LiCl, BoCH,, AlClg, Kl, KSCN, LI, and LiSCN. The last four 

salts are capillary active m the seiise Uiat the intc^rfacial tension falls with increase 
in concentration of the active mdividiials, namely the iodide and thiocyanate ions. 
Such capillary activity is specific, there being no theoretical explanation available 
at the present time to account for tlie behaviour. 

Of the five chlorides examined, two of them, namely, LiCl and LaClg, exhibit a 
minimum in iniurfacial tension m the dilute region followed by a rise beyond that 
given by water alone in contact with dokalin. The existence of the minimum is 
accounted for, m a formal manner at any rate, by the theory advanced by Dole to 
account for the mmimiim observed by Jones and Ray at a region of still greater 
dilution (0-001 N) in tlie case of simple salts at the air-watfir surface. In the case of 
KCl and BaCl, which apparently do not exhibit a minimum, the influence exerted 
upon the interfocial tension is so ininuto (at gn^at dilution) that the existing oxpori- 
mental technique is not sufiioiently precise to i>ermit of the application of the theory 
of Dole. In the region of higher concentration whore tho chlorides referred to exhibit 
an increase in tension with increase in concentration tho discrepancy between the 
values observed and thosti calculated (oithor on tho theory of Doln or on that of 
Wagner-Onsagor-Samaras) is similar to that exhibited by simpile salts at the air- water 
surface. 


Further studies on pre«imaginal olfactory conditioning in Insects. By 

W. H. Tuorpu. {Communicated by A. D. Imma, F.R.S. — Received 20 
February 1939.) 

Previous work on positive pre-imaginal olfactory conditioning of the ichneumonid 
parasite NemerUte canescensj by exposure to the odour of unusual chemical sub- 
stances, has been repeated using a pure strain of J)roHophila melanogtieier. This lattor 
insect has certain eulvantages as an experimental animal, the first of which is the 
absence of a cocoon. Owing to this it is impossible to wash the surface of tho larvae 
free from all food and other contammating substances prior to pupation and thus 
obtain more reliable evidence as to conditioning resulting from treatment of the 
larval stage only. The second advantage is that the rearing of Drosophila on an artificial 
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culture medium is a standardized process and the substance to be tested can be 
conveniently mixed with the medium. 0*5 % of peppermint essence (containing 
4*6 % free menthol) was found to be satisfactory. 

All the main conclusions established by the work on Nemeritia have been confirmed 
even more strikingly with Drosophila. Although normally repelled by the odour of 
peppermint, flies which have been reared on a mediiun containing 0*5 % peppermint 
essence are markedly attracted by tlie odour of this substance in an olfactometer. 
Conditioning brought about in this way gradually becomes extinct if the insects are 
isolated and has practically disappeared in about 6 days. Washing the fully-fed 
larvae, or newly -forminl puparia, free from the inediuiii does not eliminate the con- 
ditioning effect although it reduces it to some extent. It is, therefore, concluded that 
a change in the responses of the adult can be brought about by an influence operating 
only during the larval life. 

It has boon shown that with Drosophila^ as with Nerneritis^ exposure of the adult 
to the odour of the substance mimodiately after emergence from tho pupa will bring 
about a positive conditiomng even though the odour is not spuciflcally associated 
with any particular favourable quality of the environment. 


High-altitude cosmic radiation measurements near the north geomagnetic 
pole. By H. Carmichael and E. G. Dymond. (Communicated by E, V. 
Appleton, F.R.8, — Received 22 February 1939.) 

Measurements of cosmic radiation have been made at very high altitudes near the 
north geomagnetic polo with two kinds of apparatus, nainoly, a triple coincidence 
apparatus with radio transmission of the data and an ionization apparatus which 
was solf-reconling. The lowest atmospheric pressim* reached by the vertical coinci- 
dence apparatus was 52 mm. llg, and by tho ionization apparatus 12*5 mm. Hg. 
Comparison of our results with those obtained by others between geomagnetic latitudes 
46 and 60“ N. shows that no appreciable quantity of low-energy cosmic radiation is 
reaching tho earth from outer space. In particular, the very good agreement between 
the shaxKi of the curve showmg ionization against pressure at geomagnetic latitude 
85“ N. and similar curves uf Millikan and his co-workers at geomagnetic latitudes 
55 and 60“ N. indicates a complete absence of incoming radiation in the energy range 
from 3 X 10* eV to about 10” or 2 x 10” eV\ Possible causes of the absence of such 
low-eneigy rays are discussed. 


The thermal decomposition of diethyl ethyl. By J. G. Davoud and C. N. 
Hinsuklwoou, F.B.S. {Received 22 February 1939.) 

The thermal decomposition of diethyl ether yields acotaldohydo and a mixture of 
hydrocarbons, the acetaldehyde subsequently splitting into carbon monoxide and 
methane. In so far as tho reaction of the aldehyde can be regarded as much faster 
than that of tho other tho total decomposition can be represented approximately os 
a one-stage unimolecular reaction of the ether. On this basis the kinetics of tho 
reaction have been investigated in the past. The exact degree of validity of the 
affxroximation has been uncertain. 
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In tho present work analyses have been made of the amount of aldehyde present 
at each sta^e of the reaction, together with complete analyses of the gaseous products. 
These measurements allow tho older determinations of tho reaction rate to be sub- 
jected to correction so as to represent more accurately the true initial decomposition 
of the other. In this way fresh investigations have been made both of the normal 
reaction involving radical chains, and of the non>chain reaction occurring in the 
presenco of a few millimetres of nitric oxide. The part playeil by a small fraction of 
surface reaction has also been studied. 

The liopendence upon tho initial other prossuro of the reaction rate has been 
redetermined, and the relation between nitric oxide inhibition and other prossuro 
has been further investigated. 

Tho general conclusion is reached that previously determined velocity constants 
should bo somewhat increased in absolute vahiis but that general deductions about 
tho kinetics of the reaction are confirmed and need no esmmtial correction. 

An estimate has boon made of the concentration of free radicals prevailing during 
the reaction in tho absence of nitric oxide. 


JKT-ele^ron capture, nuclear isomerism and the lon^ -period activities of 
titanium and scandium. By H. Wat.kb, E. J. Witxtams and 6. R. Evans. 
(Communicaie/i by J. CJiadwick, F.R,8, — Received 22 Janwiry 1939.) 

A study has been made of tho long-ponod activities induced in titaniiun and 
scandium by activation with douterons of high energy and in titanium by activation 
with 11 X 10* eV a-particlos. 

A radioactive isotope of vanadium has been discovered of half-life 600 ± 60 days 
which decays almost entirely by iC-electron capture. It is ascribed to The ratio 
of iC -capture to positron umisaion has been studied in V**. The observed X-ray 
intensity is compatible with that required by tho Fermi interaction, the ratio 
X-oapture/poaitron emission being 0-40 + 0*15. 

An isomeric form of Ti®^ has been detected of half-life 72 ± 2 days which decays 
by omitting electrons of maximum eniergy 0*36 x 10® cV, the product nucleus V®* 
being always left in an excited state of energy 1 0x10® oV . 

Tlie branching decay of So®® by -electron capture and electron emission has boon 
observed. Tlie half-life of Sc*® has boon confirmed as 86 ± 1 days, the maximum energy 
of the disintegration electrons being 0*26 x 10® oV. y -radiation of energy 0*93 x 10® eV 
is also emitted. 

A positron activity of half-life 460 ± 60 days produced in titanium by a-particle 
bombardment is provisionally assigned to Cr®'. Tho upper limit of the positron 
spectrum is at 0*34 x 10® eV. 


Electron transfer in argon. By F. L. Abnot and W. D. Hart (Commuvi- 
cated by H. 8. Allen, F.R. 8, —Received 24 Febrvury 1939.) 

An investigation of the electron transfer process 

Ar® »■ + At -> Ar+ + Ar+, 

has been mode by a new method using inoident At*+ ions having energies from 162 
to 404 eV. For each of these energies the forward-moving Ar+ ion has an energy, 



S 28 Ahsimcta of Papera 

due to ita velooity oomponent in the direction of the incident Ar*+ ion, of 13 eV less 
than that of the Ar'+ ion. 

It is shown that the angle l>etween the direction of the forward-moving Ar'*' ion 
and that of the incident Ar*^ ion is about 16*2, 10*6 and 7*4^ respoctively for energies 
of the Ar*+ ion of 100, 200 and 400 eV. Those angles of scattering are considerably 
greater than those for the corresponding process in mercury which are leas than 
6, 3*6 and 2*6® respectively for ions of energy 100, 200 and 400 oV. 

The cross-section for the process over the energy range of 162-404 eV has been 
obtained, and this shows a lineivr increase of cross-section with energy of the incident 
Ar'+ ion, the value for 404 eV Ar* * ions Ix^iiig about one -hundredth of the gas -kinetic 
cross-section for collision. Extrapolation of the cross-section curve gives the activation 
energy as 76 eV. 

Attention is drawn to a numerical error made in determining the cross-section of 
the corresponding electron transfer process in mercury, previously reported. The 
ordinates of this curve should all be multiplied by a factor of 2. With this correction, 
the value of the cross-section for the mercury process is greater than one-tenth of the 
gas-kinetic cross-section over the entire energy range used, 140-400 eV. 


The asymptotic expansion of Integral functions defined by Taylor series. 

By E. M. Wright. (Communicated by G. II, Hardy, F,R,8, — Received 27 
February 1939.) 

The fimotion considered is J(x) = 4- Ci® + Cgo;*. . 

1 r 

K and fi may be real or comjilex, /f(x)>0 and ^(/) is regular and has an asymptotic 
expansion in descending powers of ^ to the right of the lino K{Kt) — h^. 

If X( 1/x) < 4 , the function has one or more exponentially large expansions for all 
large x in the complex a;-plane, Tf A'(1/a:)>4, the plane is divided l>y two spirals 
into two connexitod parts; in the interior of one part an exponentially largo expansion 
is valid, in the other the expansion is algebraic, while in the neighbourhood of tho 
spirals the expansion is mixed, i.e. a sum of the expansions in the two regions. Tf 
K^(l/jc) = 4 the spirals coincide; there is an exponentially largo expansion at a 
distance from the spiral and a mixed expansion in the neighbourhood of tho spiral. 

Tho results for tho single expansion are similar to Watson’s, but our conditions on 
4>(t) are much loss severe than his. Tho results for the mixed expansions ore entirely 
new. Amongst other uses, tlie latter would enable us to determine tho distribution 
of the zeros of the function very precisely. 

Particular examples of the function have been studied by Mittag-TjelTler, Barnes, 
Hortly and others. The results hero include theirs as special cases. 

The calculation of tho coefficients in the exponential expansion is greatly shortened 
and the results are given in a simple form which should facilitate applications to 
particular problems. The method of proof is based on Cauchy’s Theorem; while it 
certain points in common with the method of steepest descent, tho complications 
of the latter method are wholly avoided. 
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Upper air investigations in north-west Greenland. By H. Carmichael 
and E. G. Dymond. {Communicated by C. 0. Barkla, F.R.8. — Received 24 
February 1939.) 

The winds on tho coast of north-west Groenkuul have boon investigated duiing 
the summer, 1037, and a meteorograph sounding to a height of lO-S km. has been 
miule in latitude 76° N. l..argo balloons were used as pilots, and their rate of ascent 
was determmod directly by double theodolite observations. Tho average bursting 
height of the Indloons was 24'6 km. 

The meteorograph revealed a well-marked trojiopause at 1 1’2 kin. and an unusual 
rise of temperature m tho stratosphere. Tlie pilot balloons showed very still air in 
the stratosphere throughout the summer and a marked vekxtity maximum at 6 km. 
in the troposphere. 


On lunar tides in the upper atmosphere. By E. V. AppIaKTOv, F.R.S., and 
K. Weekes. {Received 1 March 1939.) 

Using tho woll-known radio methods of upjwr-atniospheric exploration, a lunar 
tide has boon detected in tlie Kennolly 'Heaviside layor (rogion K) of the ionosphere. 
Tho magnitude and phase of the tide may bo spfHufifxl by the statomont that the 
expoiimontally dotermined expression for the equivalent height of the lower boundary 
of the layer is found to contain a term of the form 

0*93 sin (2e'+112°)kin., 

where t' is the lunar hour angle. The tide is thus Heinidiumal, ot tho order of 1 km. 
and attains its maxima about | hr. before tho lunar transits. To the accuracy of the 
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experimental results, it is thus in pliase with the lunar barometric preasure oscilla- 
tions, as determined by Chapman for ground-level at Greenwich. 

Difficulties are encountered in reconcilmg the new results with wliat has previously 
been deduced from other geophysical evidence concerning the magnitude and phase 
of upper-atmospheric oscillations. 


Natural convection in liquids. By 0. A. Saunders. (Communicated by 
Sir Henry Tizard, RR.S. —Received 1 March 1939.) 

In the first part of the paper theoretical solutions am given for the heat transfer 
by natural convection from a heated vertical plate to a fluid when the motion is 
streamline. The results agree with the now well-established experimental data for 
air, and also with the only ex{)enmonts for a vertical plate m a liquid, namely those 
by Lorenz for oil. 

The theory shows that the heat transfer, as expressed by the Nusselt number, 
RljkO, do]>onda mainly on the product of tlie Onwliof number, Or ( = 
and the Prandtl number, Pr (cvjk). For a fixed value of this jiroduct, the Nusselt 
number varies only 10 % over the range of Prandtl numbers foi all gases ami lupiids, 
namely, ajiproximately 0- 66-0- 9 for gases and 2 0 to several hundreds for liquids. 
The only exception is mercury, for which Pr is 0*03 and the theoretical Nusselt 
number is about 40 % below the value for air. 

The second part of the paper describes experiments to measure the heat loss from 
vertical plates in mercury and in water. For streamline motion the results, both for 
mercury and for air, agnx' well with the theory, 

Tlie experiments with water were continued into the turbulent region, an optical 
method being used to show the character of the motion. It was found that the stream- 
line motion first breaks down at the top of the plate for the same value of Or x Pr 
as found previously for air, namely, about 2 x 10*. Formulae are given for the heat 
transfer when the flow is turbulent, showing how the Nusselt number varies with 
Or and Pr for water and for air. 


X-ray crystal analysis of trans-azobenzene. By J. J. de Lanoe, J. 
Montbath KoBEBTSOii and I. Woodward. {Communicated by Sir WiUiam 
Bragg, P.B.S. — Received 3 March 1939.) 

The crystal structure and molecular dimensions of the ordinary or frans-fonu of 
azobenzene have been determined by quantitative X-ray investigation. The crystal 
is iaomorphous with the dibenzyl scries of structures, and consequently it is possible 
to make a direct application of the Fourier series method, without assuming any now 
model for the azolienzene molecule. The resolution of the nitrogen atoms is poor, but 
the N =N distance of I *23 ± 0*06 A is confirmed. The C — N distance is 1 *41 ± 0-03 A, 
implying conjugation between the benzene ring and the N — N bond. The N=^^ — C 
valency angle is 121*5 ± 3**. These results are discussed in relation to other investiga- 
tions. 
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Two independent molecules contribute to the asyininetrio crystal unit. One is 
practically flat, but in the other the rings lie in different planes 0*32 A apart. This 
departure of the second molecule from the planar form is accompanied by small 
changes in dimensions. The orientations of the moloculos and co-ordinates of the 
atoms relative to the crystal axes are given. The minimum intermolooular approach 
distances lie between 3*5 and 3*6 A. 


Effusion and thermal transpiration in quantum statistics. By B. N. 

Srtvastava. {Communicated by Professor M. N. Saha, FM.S. — Received 
7 March 1939.) 

This paper is a continuation of the author's previous work in which the molocular 
effusion of matter into vacuum was considered. In tlie present work the molecular 
effusion of gas into another chamber containing gas at a dilferont pressure or at 
different temperature is investigated and it is shown that the ('ffiision from chamber 
1 to 2 is equal to the effusion of gas 1 into vacuum minus the effusion of gas 2 into 
vacuum. In § I the effusion of one gns into vacuum at the same temperature hut at 
different pleasure lias been calculated for the different coses. Thermal transpiration 
h<is beem discussed in subsequent sections, and expressions have boon worked out 
for the different cases giving the relation between the equilibrium pressures that will 
obtain in the steady state between two chambers maintainod at different tempera- 
tures and communicating with each other througli a narrow opening. For the non- 
dogenerate and completely non -relativistic case it is found that the e(|uilibrium 
pressure ratio becomes exaggerated for matter obeying Bose-Einsteiii statistios and 
decreased for matter obeying Formi -Dirac statistics as compared to the value for 
a classical perfect gas. For the completely relativistic and completely non-dogenerate 
caso the pressures are found to be inversely os the temperatures. For degenerate 
matter in both chambers, degenerate in the sonso of Fermi-Dirac statistios, the 
pressures are found to be equal to a first approximation but on working to a higher 
approximation, the pressure m the hotter vessel is found to be slightly greater. The 
relation between the pressures when matter in one chamber is degenerate and in the 
other non -degenerate has also l>een calculated. 


Thermodynamics of the thermomechanical effect of liquid He 11. By 

H. London. {Communicated by iV. F, Mott, F,R,8, — Received 7 March 
1930.) 

The effect discovered by Allen and Jones that two reservoirs flllod with He ii and 
in communication through a capillary show a diffenmoe in hydrostatic pressure, if 
they ore kept at different temperature, is treated thormodynamioaliy. Considering 
a cycle in which the pressure difference is used to do mechanical work, one finds that 
reversible thermal effects must appear which are analogous to the Peltier effect. 
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Gold is produced where liquid He u leaves a capillary and heat where it enters. Both 
are given by the equation 

Q-vT{dpldT)^^T^* 

where v is the volume of liquid flowing through the capillary* T the absolute tem- 
perature and (dpjdT)^ ^ variation of pressure with temperature in one vessel, 
if the other is kept at constant pressure and temperature. 

The hypothesis of Tisza is discussed, according to which the atoms moving through 
a capillary are apart from lattice vibrations in the lowest energy state. The assumption 
is made that this process takes place reversibly. One obtains the equation 

ps = (bpldT),^r^f 

whore pa is the excess of the total entropy per cm.^ of liquid helium above the part 
of the entropy duo to lattice vibrations. This relation can be used for the ex]>erirnental 
verification of the h3q)othesis. 

Considering the circulation of liquid set up by the thermomechanioal pressure a 
possible mechanism of heat transport is discussed which allows the correlation of the 
heat conduction experiments with those on the flow of liquid h^ium. 


The electric strength of gases measured by corona discharge. By W. M. 

Thornton. {C<mmunicaiad by Sir Oliver Lodge, F.R.S. — Received 7 March 
1939.) 

When the electrical potential of a wire surrounded by a gas at or near atmospheric 
pressure is slowly raised, a glow or corona appears on the wire as if the surface became 
suddenly luminous. This is the first stage of spark discharge in the gas, which is 
prevented from developing farther by the rapid divergence of the field. The electric 
gradient at which it occurs is much higher than that at which a spark passes in a 
uniform held of force, but the latter con be derived from measurements of the corona, 
starting voltage, the raditis of the wire and the density of the gas. In the present work 
the electric strength of some fifty gases has been found in this way. When set down 
against the reciprocal of the electron mean free path the gases ore foimd to fall into 
several groups wliioh lie on straight lines conveiging to the origin. In each of these 
the product of the electric strength and the free path is constant. This is interpreted 
to mean that the energy of ionization by collision that starts spark discharge is 
constant in each group of gases. Since the free path is inversely proportional to the 
cross-sectional area of the molecules it follows that the moleculeu* areas of gases that 
have the same electric strengths in the sovoral groups differ by finite and nearly equal 
steps. The electric strengths of gases having the same molecular area change only by 
such steps. Chlorine lias the greatest strength of the elements examined, the mon- 
atomic gases the least. The parafim series is most uniform; its chlorine substitution 
compounds show a regular change and reach remarkable values. 
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The association of carcinogenicity and growth>lnlilbitory power in the 
polycyclic hydrocarbons and other substances. By A. Haddow and A. M. 
Bobinsok. (Communicated by E. L. Kennaimy. — Received 9 March 1930.) 

The results ore given for 348 experiments in which 96 compounds were tested for 
their action on the growth of the Walker rat carcinoma 266, the Crocker mouse 
sarcoma 180, or spontaneous mammary cancer of the mouse. 86*6 per cent of 171 
experiments with 34 carcinogenic substances rt^uliod m growth inhibition, while 
79*7 per cent of 79 experiments with 34 non-carcinogenio compoimds gave no trace of 
inhibition. There is therefore a close statistical association of the biological properties 
of carcmogenicity and growth -inhibitory power. 


A study of sensitized explosions. IV. The carbon monoxide-oxygen 
reaction catalysed by nitrogen peroxide. By E. J. Bcckleb and R. G. W. 
Nobbish, F.R.S. (Received 10 March 1930.) 

It has boon found that nitrogen poroxido does not sensitize the ignition of pure dry 
carbon monoxide and oxygon, but that under the combined mfluonco of nitrogen 
peroxide and hydrogen explosions occur over 300° C below the temperatures n^quired 
for ignition of the pure gases. The sensitizod explosions are preceded by induction 
piTiods which at first decrease and then increnso with increasing concentrations of 
nitrogen peroxide. The dependence of induction periods on concentration of hydrogen 
and presence of inert gases has boon studied and supports the view that explosion of 
CO-0|-NO,-Hg mixtures is duo to a chain branching mechanism similar to that 
occurring in the NO|-sensitizod ignition of hydrogen and oxygen. At 500° C explosions 
also occur in CO-Os-NOt mixtures containing water vapour, by a chahi mochanism 
in which it has been suggested that water catalyses chain propagation while nitrogen 
peroxide is responsible for chain branching. 

The work of Crist and others has shown that nitrogen peroxide induces steady 
oxidation in mixtures of pure 2CO + at 750 mm. total pressure and 527° C, and that 
its catalytic action falls into two parts: (1) a catalysis governed by the two hoino- 
gonoous reactions 

C(>-hNO,=CO, + NO, 

2N0 + O,=:2NO„ 

which are important when the concentration of NOg exceeds about 1*2 mm.; (2) a 
catalysis at lower concentrations of NOg which posses through a maximum and has 
the characteristics of a chain reaction. These resulf/S have been confirmed using 
mixtures purified from traces of hydrogen. Tt was shown that the catal 3 rtic and 
onticatalytic effects of small concentrations of nitrogen peroxide in this reaction is 
not dependent on the presence of traces of hydrogen. However, in view of the 
extreme sensitivity of the reaction to the presence of the free radicals H and OH 
derived from water, which are known to catalyse the propagation of straight chains, 
it is believed that the catalysis has its origin in a branching reaction introduced by 
the nitrogen peroxide, identical ui characteristics with that oporating in the catal 3 ^is 
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of oxy-hydrogcn mixtures by nitrogen peroxide, i.e. by its dissociation through 
participation as a third body in some exothermic link of the chain. Also, if complete 
dryness were possible it is to bo expected that the catalytic and anticatalytio effects 
of NO, at small concentrations of the latter would disappear. 

The results obtaineil using rO-Og-NO^-H^ mixtures furnish another example of a 
reaction in which the probability of chain branching is small and under precise 
control, and support the view that the ultimate cause of ignition is a disturbance of 
thermal equilibrium in some favourable volume element of the reaction vessel. 


Field equations of electric charges. By H. T. Flint. (Communicated by 
0, W, Richardmn, — Received 10 March 1939.) 

An argument luiblisluHl some time ago led to the result that the dynamical 
description of electric charge is subject to a certain limitation in which a length of the 
order of the dimensions of the electron is concerned. 

This leads to a principle for tlie fiirtlier development of equations suggested in an 
earlier communication leading to a field theory of electric charge. Expressions for 
the current density and momentum -energy tensor are deduced. 

In the cose where the gravitational held is negligible the equations coincide with 
those suggested by Proca and found to be applicable in a modern theory of nuclear 
forces. 


Some observations on cosmic rays using a large randomly-operated 
cloud chamber. By E. J. Wit.lxams. (Communicated by J, Chadwick^ 
F,R.8, — Received 13 March 1939.) 

An account is given of a large Wilson cloud chamber, about 30 om. deep and 30 cm. 
diameter. Such a chamber has a sensitive tune of nearly half a second, and this, 
together with its large eflbctivo volume, makes it a very sensitive detector of weak 
radiations. The results of certain cosmic-ray observations ma<le with this chamber 
are desenbed. ** Coimtor-control ” was not iis<*d, the intrinsic efficiency of the chamber 
ensuring, on the average, at least one cosmic-ray track for photography. In the absence 
of coiuiter-control the photographs represent the time statistical distribution of 
different cosinio-ray events. Results for the energy distribution of cosmic -ray particles 
below 3 X 10" V are thus obtained, and also some indications of the relative frequency 
of showers and of slow penetrating piuticles (mesotrons). Ck^rtain details of earlier 
work by E. Pickup and the writer on heavily ionizing tiocks, which provided evidence 
for mesotrons, are also given m this paper. Some pliotographs are reproduced 
including one of associated high <‘nergy tracks indicating pair production of mesotrons. 
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Low temperature and insect activity. By K. Mkllanby. (Cmnmnnicated 
by J. S. Gardiner, F.R,S, —Received 15 March 1939.) 

The chill -coma tempcratiiro’* for five specit^H of insect belonging to three diflFerent 
orders was found to bo considorably aflFocted by the teniporature at which they had 
been living. Individuals of the samo species from warm conditions wore immobilized 
at higher temiieratures than t hose from cool. 

Acclimatization with resyiect to the chill-coma temperature usually occurred within 
20 hr. When insects wore cooled bolow the chill-coma temperature and then returned 
to warm conditions, tho length of time takon to recover was longer, the further the 
ci'oatures were cooled below the chill-coina point. During chill -coma, insoots from 
high temperatures did not become acclimatized to tho low temperature. 

Insects of the same species from warm conditions were less cold-liardy, and nion^ 
easily killetl by exposure to Cfinditions below zero, than those from cool. The 
threshold temperature for voluntary movements was usually several degrees higher 
than that at which movements were possible. Tliere was some indication that the 
threshold is in the region of the developmental zero for the species. Within the zone 
of normal activity, when an insect was transferred from one temperature to another, 
its rate of metabolism ((iiiekly altered to that characteristic of tho now temperature. 
It is only outside tho zone of nonnal activity that the rate of metabolism was greatly 
affected by the provioas conditions. 


A crystallographic investigation of glacier structure and the mechanism 
of glacier flow. By M. F. Peeutz and G. Selioman. (Conimunicated by 
Sir William Bragg, P.R.S. — Received 16 March 1939.) 

The mechanism of glacier flow and tho transformation of tirn into glacier ice were 
investigated on tho Great Aletsch (flacior and in neighbouring regions. Samples of 
flm or ice were takon from the walls of crevossos and from grottoos and pita dug in 
tho glaciers. Tliin sections were cut from these samples and oxaminod by tho standard 
methods of optical crystallography and a study made of the size, shape and orienta- 
tion of the crystals and tho distribution of air-spaces between them. 

During the transition of firn into glacier icc tho air spaces, forming a system of 
intercommunicating capillaries in the firn, become reduced in number and separated 
from each other by compression and by tho growth of the crj^stals. I'his growth is 
primarily effected by tho refreezmg of melt water retained m the capillaries. 

A largo porcontage of the firn crystals near the surface of <ho nevi ho with their 
principal axes at right angles to tho surface of tho glacier. This orientation appears to 
be i>art of the general rule whereby rocrystallization of snow by melting and re- 
freezing or by sublimation involv<*s a rtH>rientation of the crystals with their axes 
parallel to tho direction of the temi>t*raturo gradient. 

In tho course of (5-8 years tho initial orienlation of tho crystals near the glacier 
surface gives way to a random distiihution. The change sinnns to b*^ due to tho 
haphozard motion of single crystals or elusters of single crystals which constitute 
ndependontly rnov'tng units in tho mechanism of flow in the ttefc area. They are tho 
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bearers of the ** differential movement’* which measurements showed to be irregular 
on a small scale but uniform and continuous when regarded as a whole. 

Stratification bands in the ndve form by the freezing of wot strata of dm and have 
no connexion with any irregularities in the differential movement. The orientation of 
their crystals is similar to that of lake ice. The blue bands in the glacier tongue are 
divided into three categories : first those which are old ice bands originally present in 
the ndvd^ second remnants of former fissures anti orovassoa and third those which 
represent slip pianos and are caused by laminar motion of large strata of ice. 

Examples both of uniform plastic deformation and of laminar motion were observed 
in the glacier tongue. In places wliere the ioo was subjected to shear the crystals 
were orientated with their basal planes parallel to tlie direction of the shearing force. 
A mechanism of plastic deformation is propofied which accounts for these findings 
and is based on the growth, deformation and reorientotion of the crystals. 


The rest-masses of the neutron and the neutrino. By H. O. W. 

Richardson. {Communicated by Sir Arthur Eddington, FM,S, — Received 
16 March 1939.) 

The /9-doeay process of electron capture is treated an a gauge transformation 
which neutralizes the Coulomb field in the internal wave -equation of the hydrogen 
atom and inserts a uniform ;>ositiva potential of about 500,000 V. The corresponding 
potential introduced into the external wave-equation will bo 2} times as large. The 
int<*rnal particle of the neutralized atom is identified with the neutrino and has zero 
mass, while the external particle is the neutron, with moss equal to that of a proton 
and 2| electrons. The two parts of the gauge transformation correspond to the two 
ports of the transformation used by Eddington in the theory of the Coulombion 
interaction. 

The same masses may bo obtomerl by neutralizing the Coulomb fields of the proton 
and electron. Reasons are given fur regarding the electron mass as an internal 
energy of electrostatic interaction between a chargcMl particle and a comparison 
particle and the proton mass os the energy of the external particle of a similar system 
of charged and comparison particle. 


The mean free path of electrons In polar crystals. By H. Frohuch and 
N. P. Mott, F.R.S. {Received 16 March 1030.) 

A tlieoretical calculation is given of the mean free yiath of the electrons in a polar 
crystal. The results obtained are compared with experunents on semi-conductors 
and photoconductors. 
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Note on copper-cuprous oxide photocells. By N. F. Mott, F.R.S. (Received 
16 March 1939.) 

The behaviour of oopper-cuproue oxide photocells is interpreted in terms of a 
theory of the contact between a metal and a semi-conductor recently given by the 
author. 


An investigation of the accuracy of K5nig*8 formula for the Rayleigh disk. 

By A. C. Mebbinoton and C. W. Oatley. (Communicated by O. W. 
Richardson, F,R,S. — Received 17 March 1939.) 

The original object of these experiments whs to determine whether the couple 
acting on a Rayleigh disk suspended in a sound field in air is affected by the viscosity 
of the air. Smce any effect due to viscosity should be relatively more important at 
low pressures, measurements were made of the way in wliich the couple varies with 
pressure. No <iefinite evidence of an effect due to viscosity was obtained, but the 
experiments brought to light a hitherto unsuspected discrepancy between the 
measured values of the couple acting on the Rayleigh disk and those calculated from 
King's corrected version of Kbnig's formula. 

A second aeries of experiments, in which an accuracy of about 1 part in 200 was 
attained, served to confirm the existence of a discrepancy between theory and 
experiment. Further tests showed that this discrepancy is to bo attributed to the 
formation of vortices in the medium near the disk. It seems probable that these 
vortices will nearly always be present under the conditions existing in the normal use 
of a Rayleigh disk for acoustic measurements. 

The following empirical equation is proposed to reprt'Stmt the relation between the 
couple O acting upon the disk, the density of the medium p, the mean -square velocity 
of the medium m®, the radius of the disk r and the angle 0 between the axis of the disk 
and the direction of flow of the medium : 

G = 1*47 T^p M* sin 

In this equation is the mass of the disk and its hydrodynamic mass, which is 
equal to §pr*. The equation has not been verified for frequencies greater than 
60 oyo./sec. 


V 


The two-dimensional hydrodynamical theory of moving aerofoils. III. 

By R. M. Morris. (Communicaied by G, L Taylor, F,R,S. — Received 17 
March 1939.) 

This paper follows two previous ones on the general hydrodynamical problem ot 
the two-dimensional motion of a cylinder in inviscid incompressible fluid. The general 
formulae obtained in these papers aro here rtnluced for the special case of the Joukowski 
aerofoil, where the coefficients assume simple finite forms. The formulae obtained are 
then applied to a detennination of the lift, moment and centre of pressure in uniform 
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rofttilinear motion, and also to a discussion of the dynamics of the small oscillation 
about such riMStilinear motion. A simple condition is then obtained for the stability 
of tliia rectilinear motion, showing the effects of thickness, camber and angle of 
attack on this important property of the aerofoil. 


Crystallographic studies of meteoric iron. By J. Young. {Communicated 
by S. W. J, Smith, F.R.S, — Received 20 March 1939.) 

A dt^t ailed invest {fixation of the mutual orientations of the chief constituents, 
knmacito and tnonite, of the octahedral meteoric irons and their relationship to the 
Widmanstatten structure has boon mado. 

In Cafion Diablo (part T), fifteen cr3'Hta1s belonging to the macroscopic Wirlmon- 
stntt-en structure were separately examined. These showed small deviations from the 
twenty-four orientations of the type, 

(llO)-kainrieitH (larallel to (lll)-octahodrito. 

[001]-kaiuacite inclined at 4'1® (/t) to [1 lOJ-octahedrite. 

Tn Dutlor and Carlton (part 11), the microscopic Widmanstiltten structure was 
examined. The taenito crystals showed a very strongly preferred single orientation 
identical with that of the octahedrite, while the kamacite crystals were orientated in 
the same way as those m Cafion Diablo. 

In a hoot-lreatod artificial nickel-iron (part II), containing 10% of nickel the 
orientations of the y-phaso and oc-phaso constituents were found to be similar to those 
of the tatmite and kamocito, respectively, m the meteoric irons. The value of fi 
(3-4°), however, was somewhat lowi'r, 

Tn all coses in which fi couhl be determined with some precision the orientation of 
an a-phase crystal lay bolwoon that found by Nishiyama and that proposed by 
Kurdjiiniow and Sachs. 

An attempt is made (part 111) to account for the orientations found by supjxismg 
that the y-a transformation proceeds according to a lattice mechanism of the 
Nishiyama-type modified by tlie effect of temperature agitation. Reasons are given 
for supposing that the orientations for which = and 16' involve high 

potential energies at the kamacite- taenito intorf^ and the consequent avoidance of 
such oriontations of t ho kamacite crystals. 

These orientation studies give the most convincing proof that the body-centred 
^-crystals of karnaoito aro the result of a precipitation from a single face-centred 
y -lattice of uniform orientation whose axes ore those of the octahedrite. 

The distortion of llu^ Widmanstdtten structure was also examined (port I). It is 
shown that the bulk distortion of the Widmanstatten structure and the rotations of 
individual crystals are consistent with the effects of plastic shearing of the whole 
portion of meteorite examined. 
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A magnetic study of the Iron-nlckel •aluminium system. By W. Suck- 
smith. {Communicated by A. M. TyndaU, F.It.8. — Received 20 March 1 939.) 

A survey of the magnetic saturation intensities of the irun-nickel-aluminiuin 
system at tem{>eraturoa up to the Ourio point is describod, in which over eighty alloys 
have been examined. It is shown that each pliase region exhibits chiiracteriHtio 
features, and phase changes can in general be folluwetl by the variation f»f the 
saturation intensity. The diffei*(»neos botwoon the saturation intensities of ordered and 
disordered alloys is examined in various regions of the phase diagram. The more 
detailed examination of alloys showing sjiecial features is in progress. 


The combustion of aromatic and alicyclic hydrocarbons. 11. The ignition 
of aromatic hydrocarbons at high temperatures. By J. H. Burgoyxk. 
{Communicated by A. C. Egerton, SecM.S. — Received 20 March 1939.) 

The ignition reactions between 450 and 750® C of benzene and seven of its alkyl 
derivatives have been studied. The applicability of the ignition pressure -tomperaturo 
relationship log (pjT) = A JT + R is examined and it is found that A increases with 
temperature in the case of benzene, ethylbenzene and n-projiyl benzene, but otherwise 
is constant. With the same throe oxcoptions, the correspondeuce between the most 
ignitible and the most easily combustible (iso thermally) fuel-oxygon mixtures is 
consistent. Dilution with nitrogen decreius^M the critical ignition pressure, liut helium 
has the reverse effect. An increase in the surface- volume ratio also inhibits ignition. 

It is concluded that branching chain niechatiisms play an important part in the 
Ignition of benzene and its higher mono-alkyl derivatives, but with the methyl- 
benzenes the reaction is of a more thermal character. 


Diamagnetic anisotropy of organic molecules. By K. Lonsdale. {Cofn- 
municaied by Sir William Bragg ^ P,R,S, — Received 22 March 1939.) 

The principal diamagnetic susceptibilities of single molecules of aliphatic and 
aromatic compounds have boon measured and related, whore possible, to their 
dimensions, electronic configuration, optical iKilarizabilitios, magnetic birefringence 
and other physical properties. It is found that for long-chain compounds containing 
few or no multiple bonds, the maximum diamagnetic suscc'ptibility and maximum 
refroctivity correspond to the length of the molecule. In niolocules of la>er structure 
also containmg few or no multiple bonds, the maximum diamagnetic susceptibility 
and maximum rofractivity both lie in the mean filaiu* of the layer, along the direction 
of greatest length. Both those typos of compound show negative magnetic bire- 
fringence. 

In aliphatic molecules containing acetate or acid groups, or chains of conjugated 
double and single bonds, such groups tend to lie plane and show an abnormally largo 
diamagnetic susceptibility normal to the plane of the group. This produces a mag- 
netic anisotropy opposite in sign to that found for aliphatic layer structures con- 
taining only single bomls, but similar to that characteristic of aromatic molecules. 
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Aromatic molecules with aliphatic conjugated side-chains possess magnetic aniso- 
tropy greater than that which would be expected for the aromatic part of the 
molecule alone. For all these substances, both aliphatic and aromatic, the ab- 
normally largo diamagnetic susceptibility corresponds in direction with the minimum 
optical polarir^ability. They therefore show a positive, often large, value of the 
magnetic birefringence. 

There is at present no theoretical treatment which accounts for diamagnetic 
anisotropy in any but conjugated ring structures. 


Finite complexes in crystals: a classification and review. By A. F. Wells. 
{Communicated by J, D. Bernal^ F,RB, — Received 22 March 1939.) 

In crystals in which bonds of more than one tyjK) occur wo may distinguish 
aggregates of atoms within which the binding is of one kind whereas that Ix^twoon 
one aggregate and the next is of a difpf'rent nature. Such groujis of atoms may bo 
finite (molecules or complex ions) or they may extend indefinitely in one or two 
dimensions throughout the crystal. The problem dealt with hero is the ommieration 
and classification of finite complexes. Tho disadvantages of clnssitications based on 
chemical formulae and/or point symmetry are discussed, and tlie method adopted is 
to ctmsider the number aiwl arrangement of the atoms of one kind only. This atom will 
in general be electropositive with respect to the other atoms in tlio complex and will 
in gcmeral form more bonds than these. A complex is referred to an arrange- 

ment in which tho A atoms are linked together as in the original complex, A-A 
replacing A-X-A . Tho problem is thereby reduced to finding in which ways a specified 
number of points (atoms) may be arranged in space to form a connected system. The 
number of links whicli may meet in any point is limited to four, i.e. for p points tho 
maximum number of links considered is 2p. Within these limits and with certain 
other restrictions tho possible systf^ms of points and links are enumerated for values 
of p from 3 to 12. The second part of the paper deals with the ions and molecules 
(known and unknown) which may arisfj by placing X atoms on the links (and in the 
case of polyhedral complexes, on tho faces) of those systems 


Adrenaline and muscular exercise. By F. C. Courtioe, C. G. Douglas, 
F.R.S., and J. G. Priestley, {Received 27 March 1939.) 

The oflbct of a single subcutaneous injection of adrenaline has boon studied in two 
subjects during light and moderate muscular exercise. Hyperglycaemia caused by a 
given dose of adrenalino is less during exercise than during rest, while the concentra- 
tion of excfiss liuitic acid in the blood is much tho same in the two coses. Tho excess 
lactic acid disappears from tho blood practically as rapidly during exercise as during 
rest. The changes of respiratory quotient, when followed in detail, appear to depend 
on the accumulation and siihsoquont disapfiearance of excess lactic acid, and afford 
no evidence that there is an enhanced oxidation of carbohydrato in spitejof tho long- 
maintained rise of blood -sugar concentration. 
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The subjective Judgment of the elastic and plastic properties of soft 
bodies. I. The differential thresholds for viscosities and compression 
moduli. By G. W. S. Blair and P. M. V. Coppkn. {Communicated by 
F, C. Bartlett, F,R,S. — Received 23 March 1939.) 

It IB suggoBtod that tho firmness and '^olosticity*' (in the colloquial Menso of the 
word) of materials which are neither true fluids nor perf(H>t.ly elastic solids may be 
conveniently descrilHsl by an etjuation f>f the tyjm 

log jS = log yjr + log <r - A log f , 

where S = stress, tr = strain, t = time, and ^ and k are paramotern repi'esenting 
Armneas and '* elasticity ” respectively. 

As a preliminary to investigating the capacity of skilled ciaftsmen and unskilled 
individuals to judge firmness and elasticity ** by means of the senses, “ diffennitial 
thresholds'* wore measurfKl for the viscosity of a true fluid and the compression 
modulus of an approximately elastic solid. 

Technological experience, and Hcit^ntific and nou-acientific education do not affect 
the sensitivity of the subject, nor is there much improvement with practice. In the 
case of viscosity, a number of subjects having widely differing training hardly differed 
m thresholds". With modulus, there were sjx^cific differences between subjects, but 
these were not simply related to training. The effects of ago, sox, etc., arc discussod. 

Subjects can judge differences in compression modulus throe times os small as those 
which can be distinguished for viscosity. Differences of tho order of 6% in the case 
of modulus and 18% in the ccMse of viscosity can bo detected with some measure of 
certainty. The use of a single point “threshold" is, however, not recommended, 
although it is foimd that a simple equation involving two parameters fits tho data 
obtained. This equation must be regarded as provisional and empirical. 
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Since the superior capacity of experts appears to depend on no greater sensory 
acuity for t}ie properties investigated than that of other subjects, nor is there much 
improvement in this acuity with practice, it seems likely that some type of functional 
standard is dovoiopod which improves the capacity for recognition of rheological 
conditions. To this must be added the advantages of technological knowledge, making 
possible adequate utilisation of the information obtained. It may be that in the case 
of the more complex rheological properties not yet investigated, these factors are of 
even greater importance than in the cose of viscosity and compression modulus. 


The properties of flow of liquid He IK By J. F. Allbn and A. D. Misknkb. 
{Communicated by J. D, Cockcroft, FM.S, — Received 27 March 1939.) 

By measuring the flow througli capillaries and through tine powder, the hydro - 
dynamic projierties of liquid He ii have been invostigatod. Capillary channels 
varying from 1 mtn. to 1 x cm. in diameter were used. The how through capil- 
laries was found to bear no relationship io ordinary laminar or turbulent flow, 
although the latter conditions were approached for large capillaries at tomporaturos 
close to the A -point. The effect upon the flow of length of channel was investigated 
with capillaries varying in length from 40 cm. to 1 mm. Classical hydrodynamic flow 
was observed only in the sliortest capillary which corresponded essentially to an 
orifico. The flow tlirough powder (tightly packed jeweller's rouge) gave results which 
could be interpreted oocording to classical hydrodynamics over the whole experi- 
mental temperature range in He ii, from the A-point down to 1*15^ K. 

The main features of the flow of Ho ii are summarized below. 

Tlie dependence of the velocity of flow on pressure became less (a) os the radius of 
the capillary was reduced, or (A) as the capillary was lengthened, or (c) as the tem- 
perature was lowered. 

In the largest capillaries at a temperature close to the A-point, an approximation to 
laminar conditions of flow was observed. 

In all capillaries at low pressures, the velocity increased with decreasing temperature, 
but the reverse held at higher pressures in largo capillaries. 

At all temperatures tliere was a minimum in the relation between the radius of the 
channel and the velocity at constant pressure*. For channels smaller than 5 x cm. 
in width, the velocity increased rapidly with decreasing channel size. 

At pressures above 60 dynos/cm.* in the narrowest channels, the velocity was 
completely independent of pressure at all teinj^eraturoa. The curve between the 
pressure-independent velocity and the temperature bears a strong resemblance both 
in magnitude and shape to that for mobile surface Aims of Ho ii above the hydrostatic 
surface of the liquid. 

In channels loss than cm. in width, at temperatures close to the A-point, and 
at low pressures, the flow became laminar with evidence of on exceedingly small 
viscosity. 

For flow through tightly packed fine powder, the observed viscosity appeared equal 
in magnitude and temperature variation to that observed in the narrowest smooth 
channels. 



Ahstrauita of Papera S 43 

These results have been interpreted in terms of two types of flow occurring together 
in the liquid; one, a surface flow along the walls of the capillary, has an extremely 
small viscosity that varies from 1 x 10“» o.g.a* units at 2-177“ K, near the A-point, to 
leas than 1 x 10“^® e.g.s. units at 1-16“ K, and appears to approach a value of zero at 
the absolute zero. The other, predominant m large capillarieH, has a viscosity of the 
order of 10“® o.g.s. units which inorcases with decreasing temperature, and has a 
value just below tlie A-point probably not much diflforont from that of He i. 

Several experiments have been made with the ob|e<!t of detecting possible thermal 
effects associated with the flow of Ho ii. Although one experiment yielded results 
which suggest that a tetri perature differonco is set up between the ends of a narrow 
channel in which liquid is flowing, the results cannot be considered conclusive. 


A theory of electric polarization, electro -optical Kerr effect and electric 
saturation in liquids and solutions. By A. Pikkara. (Communicated by 
R, H. Fowler, FR.S, — Received 2S March 1939.) 

This paper makes ealoulutions of the electrical polarizability and of the Kerr effect 
ill certiiin types of liquids and solutiuiis formed of or containing polar molecules. 
The calculations are made on the basis tliat, Ix^idos the external electrical field 
acting on each dipolo, two constraining electrical fields act : 

( 1) A field of potential energy — Wioos^ due to the general directional field of all 
the surrounding molecules, the direction -=0 of the direction of equilibrium taking 
all possible directions in space when we take averages over the whole liquid. 

(2) A Held of potential energy IFgCos^g duo to a single neiglihour which tends to 
take up an antiparallel orientation. It is suggested that this model should be 
applicable to nitrobenzene or its solution. 

On this basis approximate formulae are obtained for the reducing factor R for the 
electric polarization P per molecule defined by 

13 

* lt<ini<l —■ * HWN 

and compared most successfully with observations of R for nitrobenzfmo in hexane 
at 26“ ami various concentrations. Similar calculatums are then itiaiUi for a similar 
coefficient in the Kerr effect, and compared satisfactorily with cxjHjriiiient. The 
calculations arc tlum extended to higher powers of and enable certain featim^s 

of the nature of the saturation effects for strong licUls to 1 h' umicrstootl. 


The compressibilities and expansion coefficients of ^ases at low pressures, 
and their relation to molecular volume. By J . B. M. Coppock. (Oommuni- 
eated by J. Kenyon, F.R.S. — Received 29 March 1939.) 

The comproBEiibilitiea and expansion coefficients of several gases at low pressures 
have been coloulatod from the Beattie-Bridgeman equation of state. It is shown for 
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non-polor gaaes that a linear relation exists between these physioal oonstants and the 
oorresponding molecular volumes. The latter have been calculated from molecular 
radii based on the Sidgwick -Pauling additivity rule. The behaviour of certain hydro- 
carbons is discussed in the light of their spatial structure. It is suggested from the 
relation developed that the nearest distance of approach of non-polar molecules at 
low pressures is dei>endent on their size and is not a imiform amount as represented 
by an envelope of about 0*5 A thick. 


X-ray Investigation of the structure transition of methane at the X point. 

By A. ScHALLAMACH. (Communimted by Sir William Bragg, RRB . — 
Received 30 March 1939.) 

An X-ray investigation of methane made in the neighbourhood of the A point 
shows that the structure when observed well Iwlow and above the transition point 
IS a faco-centre<l cube. This agrees with the results obtained by previous observers. 
The X-ray examination shows that near the A point there are spacings additional 
to those belonging to the face-centred cube, and these must be ascribed to certain 
intermediate structures existing only in the transformation region. It is pointed 
out that the presence of such structures must necessarily mfluence the specific 
heat m the transition range. 


Luminescence of mercury vapour along an a-ray pencil^ and transfer of 
nitrogen excitation to mercury. By A. Luyckx. (Communicated by Lord 
Rayleigh, F,R,S, — Received 3 April 1939.) 

It is shown that mercury vapour luminescence phenomena similar to the optically 
excited Auorescence phenomena, can bo excited by a-rays excitation in presence of 
nitrogen. The green luminescence renders visible an a -ray pencil by light emission, 
this new method is quite different from the well-known expansion method of 
C. T. R. Wilson. However, in this case no individual track was seen. Tlie emission 
spectrum of this luminescence consists of a visible mercury triplet (6461, 4358, 4046) 
a continuum having a maximum near 4850 A and the resonance line 2537 A. 

Persistent phenomena were observed. The sjHHstra and persistent phenomena are 
similar to the fluorescent phenomena. 

No luminescence can be seen in absence of nitrogen. In a primary process the 
a-rays excite nitrogen molecules which transfer their energy to mercury by collisions 
of the second kind. The green luminescence is extinguished by small quantities of air, 
while hydrogen has no quenching effect. This survival of the glow to addition of 
large quantities of hydrogen brought us to assume that this luminescence is a sort 
of “wing efTect*’ duo to the transfer to diatomic mercury molecules of the energy 
of the nitrogen molecules excited by a-rays. 
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Variations of ionization in the region of the ionosphere . I . Meteorological 
associations. By J. Bannon, A. J. Higgs, D. F. Martyn and G. H. Munce. 
(Communicated' by T, H . Lahy, FM,S. — Received 4 April 1939.) 

A Htudy I 111 .H b<v*n inmio of tho day-to-day variatioriH in tho noon valuos f)f tho 
tnaximum oloctron df m^ity in tho region of tho ionosphere, at two observing stations 
near Sydney and Canberra. Tho small number of days on which these values are 
liffi^ctod by association with inagnetio storiris are excluded from the analysis. Largo 
day-to-day fluctuations, amounting aoinetiinos to 50 %, remain at each station. It is 
found that tlicse fluctuations aro associated with moteorological changes observed 
at the ground. Over 19 months of daily observations it is foimd that on days when 
tho region between lat. 20” 8. and lat. 36” H., and long. 140° E. and long. 166° E. 
IS frets from “frontal” conditions, tho values of ionization are higher on the 
avorago by 6 % near Sydney anti 1 1 */o nofti' Canberra than on other days. A similar 
difforonce is found in tho averages for each month except in August 1937 and July 
and August 1938 when a small negative difference occurs at each station. The 
difference is greatest in the equinoctial months wlieii it amoimts to about 20% 
for Stromlo. It is found that while the values of ionization density measured at 
Sydney and Canberra are usually equal, there is a strong tendency for the Canberra 
values to bo lower than tho Sydney values on “frontal ” days. This result is considered 
surprising, since the observing stations are only 250 km. apart. 

The theoretical difficulties in the way of an explanation of the association here 
found between F| ionization and moteorological conditions are discussed. 

It is pointeil out that the results suggest that current views concerning the seasonal 
variation of F, ionization in various regions of tho earth may require revision. The 
current view regards the F, region ionization as normally influenced solely by tho 
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intensity of solar radiation, thus depending in magnitude solely on latitude. The 
results hero prosentnil suggest tliat looal oltmatological factors may exert a profound 
influence on the magnitude, and on the seasonal and diurnal variations of 
ionization. 


The excitation of y-radifttion in processes of proton capture. By S. (J. 

Curran and J. E. Strothkrs. (Communicated hy W, L. Bra^g^ F.R.S . — 
Received 5 April 1939.) 

The excitation functions for the y -radiations emitted by the elements deuterium, 
lithium, sodium, magiiostum, phosphorus and chlorine under proton bombardment 
have been determined for energies of tho incident protons from 0 to 10* oV. 

Kosonanco peaks, hitherto unobserved, have been found in tho excitation curves 
for incident pruUms of the energies given Ijelow. 

«Na : 426, 626, 690, 690, 766, 876 x 10> oV. 

«Mg : 180, 410, 480, 676, 826 x 10* eV. 

“»Mg : 680, 680, 1000 x 10> eV. 

: 460, 680, 700, 960 x 10» eV. 

«01 ; 660, 800, 1000 x 10» eV. 

In tho ease of ’Li no evidence of any resonance peak other than that at 440 kV 
could bn obtained. No capture y-radiatlon could be detected during the bombard- 
ment of •Li and deuterium with protons of energies up to 10* oV. 

Tho yield of y -radiation was rneaaurecl in the case of “Mg and ••Mg, the values 
obtained being 3*0 x 10^^® quanta per proton at 826 kV (Mg**) and 2*1 x 10~“ for 
Mg»« at 680 kV. 

The energy of the capture y-radiation was measured in each case from observations 
of tho ond-points of the absorption curves which were obtained by placing aluminium 
sheets between the pair of Goigor-Miillnr counters used for tho detection of tho 
y-rays. 


The energy levels of a rotating vibrator. By 1. Sandrman. (Communicated 
hy H, Allen, — Received 6 April 1939.) 

The theoretical work of the late J. L. Dunham based on the rotating vibrator 
model for the diatomic molecule is extended and simplified. While the simplifications 
introduced arc necessarily not very far-reaching, they mean an appreciable gain in 
the rapidity with which tho molecular constants can be oaloulate<l by Dunham's 
method from spectral data. 
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Classical theory of mesons. By H. J. Bhabha. {Communicated by P.A. M. 
Dirac, F.R.S. — Received 11 April 1939.) 

The vector equations for the meson field and their associated energy tensor are 
taken as exact, and the meson field quantities art* taken as commuting classical 
variables. A self-consistent classical scheme is developwl for treating the meson 
fiekl and point neutrons (or protons) moving along cdassical world linos. The scheme 
takes account of the rt*action of tho omitted meson field on the motion of the neutron. 
The mass of the neutron (or jiroton) which occurs in nuclear phenomena is shown 
not to bo the real mass but less than it by about ton million volts. For high energy 
phenomena the real moss counts. Foriniihui an* given for the acattoring of mesons 
by neutrons which are valid to eiiergios comparable with the iniuiis of the neutron, 
and supersede tho previous formulae. Tt is shown that classically the reaction of the 
emitted radiation is not important till energies of ten times tho neutron mass, and 
hence that the quantized meson theory which negie*cts this is valid up to about these 
energies. It is oonchidi^l that the exact quantized theory Is ctiri-ect with the above 
limitation, but that tho methods of pt*rturhation theory break tlown m this cose anil 
cannot bo applied to it. 


An interpretation of the relativity transformations of the electromagnetic 
Held for small velocities. By E. Cl. (^ltllwick. {Communicated hy Sir 
Frank Smithy F.R.S. — Received 14 April 1939.) 

Tt IS shown that tho relativity transformations of the electromagnetic field can 
bo obtained by a “moving field” theory in which the chiof postulatos are as follows: 

(a) The apfiarent state of electrification of an isolated moving magnet or current 
circuit is to bo independent of its uniform linear motion. 

(b) If a body is moving with uniform velocity v relative to tho source of a magnetic 
field B. it is subjected to an electric field of value — vx H. 

Conversely, if the source of a magnetic field B is moving with velocity v relative 
to a body, then the body is subjected to an electric field given by if = Bxv, 

(r) If a body is moving with uniform velocity v relative to the source of im electro- 
static field it is subjected to a magnetic field given by B = x r)/c*. 

Conversely, if the source of an electrostatic fit ‘Id is niuving with velocity e 

relative to a body, then tho body is subjected to n magnet le tit'ld gi\en by 
j?# = (c X if,)/c*. The experiment of H. A. and M. Wilson ( 1913 * Proc. Boy. Sor. A, 
79, 99) on a rotating magnetic insulator is then examined. It is shown that tlio 
moving -field theory, extended to include the cose of rotation, gi^’es a simple derivation 
of tlie result verified by the exjieririient, and that the usual ‘‘magneto -polarization” 
modification of the Maxwell -Liorontz theory, which is claimed to be consistent witli 
the experiment, fails in logical consistency. 

It is therefore suggested that the logical eloctroniagnotic concomitant of ihc 
restricted relativity theory is not the Maxwell- Loren tz theory, in which the apparent 
state of electrification of an isolated niagnot depenils upon its velocity relative tf> 
tho observer, but the moving-fioUl theory in which the state of ♦ilectrihcatioii of an 
isolated magnet is postulateil to be independent of its uniform motion. To this theory 
may be added the usual relativity modifications of electrostatic and magnetostatic 
Helds where high velocities are oonoemod. 
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Fine etructure of the Raman lines of carbon tetrachloride. By A. C. 

Mknzibs. (Communicated by R. Whiddington, F.R.ti. — Received 18 April 
1939.) 

The intensitieB in the fine atructun* of the Kainan line eorresixinding to the total 
symmetric vibration in rci 4 have been exarnmiHl quantitatively, and are coiwistent 
with a chlorine iBotoj>e explanation, flinco the analyeiH loadn to nn abundance ratio 
of about 3* ] 6 , in good agreement with Aston’s value from Tnuss spcxitra. 

The total-symmetric vibration Imo (992 cm. ') m benzene, and the eomjionents 
of the 469 cm."' line m CCI 4 , are conaitlerably wider than the t>xciting lin<‘. 


The mobility of alkali Ions In gases. I. The attachment of water molecules 
to alkali Ions In gases. By R. J. Munson and A. M. Tyndall, F.R.N. 
(Iteceived 18 April 1939.) 

The fonnation of clustei-s by thf* attachment of water mol(’'Cul<'fl to alkali ions has 
l)een studied by ineasurf'inontfl of the moliihtieH of these ions in the inert gases wVien 
small concentrations of water va| 3 oiir are also present. In hidiiiin and neon the 
mobility of the clusters passes through a iiiiniiniim os the mass of tli(» alkali ion is 
increased. Thus the sodium clustereil ion has tin* lt*ast and th(^ cm^siiim elustererl 
ion the great(*Ht mobility in the senes, which suggests a diH»i‘easf' in the efpiihbriuin 
number of attached molecules with incriMising radius of thi^ alkali atomic ion. in 
argon, krypton and xenon an upper limit of six molecules can bo assigned to the 
number of water molecules in the cluster and the true number is probably loss than 
six. 

The process of clustering has boon followcMl by passing the ions through an agoing 
field and then measuring their mobility. Only two groups of ions were found, one 
consisting of clustorod tons and the other of unclustorod, their relative numbers 
depending on the tune spent in the ageing field and the concentration of water vapour 
in the gus. By varying the conditions the frac;tioii of clustered ions could be varied 
from unity at very low ageing fields to zero at high fields. These results follow if 
a throe body collision between an ion, a gas inuleculc and a water molecule is 
necessary for the attachment of the first water molecule but that having attached 
the first molecule the cluster quickly builds up to a given size. Kx^ionmc^nial work 
at diffenmt gas pressures supports this view. 

With increasing field the energy of agitation of aa ion must increase in association 
with its velocity of ririft in the direction of the field. Since this is equivalent to 
a local higher tein|>eraturo one would then expect a reduction in the nunil)er of water 
molecules tliat an ion can retain m attachment. It is found, in agrooment with this 
view, that with increase of field the mobility of the clustered ion at a giv'en gas 
pressure increasi^a and gradually approaches that of the unclustered ion. 

The paper contains a table of mobility values for all thi* alkali ions in all the inert 
gases, together with those for most of the water clusters of maxinmrn size. 
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The mobility of alkali lone In gases. II. The attachment of Inert gas atoms 
to alkali Ions. By K. Hosbutz and R. J. Munson. {Communicated by 
A. M. Tyndall, F.R.8. — Received 18 April 19,30.) 

Evidence of the attachment of inert goe atoms to a lithium ion has been obtained 
in all the inert gases. The condition necessary for attachment is that the energy of 
thermal agitation of the ion and of gas atoms through which it moves must not 
exceed a given value which de|)eiidH uixin the dissociation energy of the molecule 
so formed. At low values of Hold /pressure (iS?/p), when the ion is in thermal equili- 
brium with the surrounding gas, an appreciable fraction of the [ji ions in Ho are of 
tho form Li+, n(He) at 20® K ; the fraction is much smaller at 00" K and zero at room 
temjierature. The value of n is not more than two and more probably nearer unity. 
Tn noon practically all the ions show attachment at 90"^ K and none at 106° K. 
The corresponding tomjK^raturo limits in argon are 196 and 290° K. Tn Xe and Kr 
every ion collects at least one and probably two gas atoms at room temfierature. 
In some cases there is evidence that n iiicroosos as tlie temperature is I'educed. 
On tho other hand, potassium ions collect no gas atoms in argon at 195° K, doubtless 
because tho dissociation energy must be less than for lithiimi ions owing to tho 
larger size of tho |K)tassium ion. 

If the value of Ejp is raised, those molecular ions U>nd to disappear owing to tlio 
increased thonnal energy of the ion which is associated with its drift in tho field. 
From ostimatos made of the fraction of ions which are molecular at a given tem- 
perature, upper and lower limits have been set to the values of the dissociation 
energy of a lithium ion and gas atom. It is found that tlie value increasos with tho 
mass of the gas atom, i.o. with its polarizability; it ranges from about 0-07 oV in 
helium to 0-33 in krypton and is > 0*42 in xenon. 


The mobility of alkali ions in gases. III. The mobility of alkali ions in 
water vapour. By R. J. Munson. (Communicated by A. M. Tyndall, 
F,R,S. — Received IH April 1939.) 

Dotormiuationa of the mobility of alkali ions in water vapour show that at low 
values of fiold/prossuro (Ejp) tho mobility docrcasos slightly with increase in mass 
of tho alkali atom. This sequence changes entirely when Ejp is consulerably increased. 
Tlie latter n^sult is qualitatively explained by the gradual break up of tho cluster 
of molecules attaclanl to the ion as its kinetic energy increases; tho variation of the 
mobility with increasing Efp will depend upon tho energy of dissociation of a water 
molecule from on alkali ion and upon tho fractional change in the moss of an ion 
caused by the loss of a water molecule from tho cluster, lioth of which depend upim 
the nature of the alkali ion under oonsidoration. Tlie results at low Ejp are briefly 
discussed in comparison with the behaviour of alkali ions in liquids and of water 
clustered ions m gases. 
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Theory of electrical breakdown in ionic crystals. Part 2. By H. FrOhlich. 
(Comrnunkakd by N. F. MoU, F.B.8, — Received 24 April 1939 .) 

Following the ideas on electrical breakdown develoj>ed in a previous paper, 
a formula for the breakdown field strength is derived which holds for any kind of 
fKilar crystal. This formula makes possible the quantitative calculation of the break- 
down field from the optical properties of the dielectric, tlie dielectric constant and 
from the molecular volume. The breakdown field F has been calculated for the 
alkali halides for quartz and for mica. Satisfactory agreement with exi>erimental 
values, when they exist, is obtained. It follows from the theory that F shoulrl Is? 
practically indeponduiit of temfieraturo in the case of silicates, in agreement with 
experiment. For the alkali lialides, however, F should increase with increasing 
temperature. For films thinner than about ] 0 ~^ cm., F should increase with 
decreasing thickness. 


Tides In oceans bounded by meridians. IV. Series solutions in terms of 
angular width of ocean: semidiurnal tides in narrow oceans. By A. T. 

Doodson, F.R.S. {Received 24 Ajvril 

The first throe parts of this scries of memoirs (l*roudinau 1936; Doutlson 1936, 
1938) have been concerned with the tides in an ocean bounded by a complete 
meridian, and the main issue was that of the variation of the diurnal and simiidiurnal 
tides with the variation of the ocean. The methods used in the first throe ports are 
derived from a general method due to Pmuilman, whicli will in due oourse be applied 
to other oceans. 

Other methods of attacking the problems havo been exploited. One line of 
investigation is to consider a very narrow ocean and to attemjit to develop tlin 
solution stage by stage in terms of senes of powers of the angular width of tlu^ 
ocean. The method has one outstanding feature in that it does not require the solution 
of a number of simultaneous equations, but it suffers from the disadvantage that it 
is only applicable to narrow ocf^ans. The solution is illustrated for the aeinidiumal 
tide (/iC,) m an ocean 30 ° wide. 

Special consideration is given to the elucidation of the motion in very narrow 
oceans and to the iH^iiIts inrlioated by analytical methods for certain s|)ecial depths. 


Tides in oceans bounded by meridians. V. Solutions by use of finite 
differences: semidiurnal tides. By A. T. Doodson, F.R.S. {Received 
24 April 1039 .) 

The methods used in this memoir are <^sentiaiiy very different in character from 
those developed in the first four parts (Froudrnan 1936; Doodson 1936, 1938, 1939) 
and in one sense t^iey ore experimental as the methods of finite differences on such 
a large scale have never been exploited in connexion with tides in oceans. The great 
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involved in the ui4e of the norniHl mathomatical functions, duo to slow 
convorgonco of sorios, even for simpliiled oceans, appf^rs to set a limit to their use, 
whereas finite differences can find application, or should bo usable, for any types 
of variations of ocean depths and contours, so that undoubtedly thero is a largo 
field of use. In this memoir the niothocls have been successfully applied to the evalua- 
tion of the semidiurnal tide (K^) in oceans of constant depth up to 00° wide, five 
cases being evaluated and illustrated. Though it is not expected that the solutions 
are of great accuracy, yet the variations in the character of the solutions are probably 
quite genuine, and offer a trustworthy guide to the ndation between the dynamical 
response of the tidal motion and the width of the ocean. 


The formation of HeH‘ molecules. By K. L. Arnot and M. B. M’E>vkn. 
(Communicated by //. S, Allen, — Rejceived 24 April 1939.) 

An investigation of the formation of the singly -cliarged helium molecule (HoH+} 
has been made liy means of a mass spectrograph. It is found that the molecule is 
formed by a collision between a singly-charged hydrogen molecule and a normal 
hchuiii atom m whicli the hydrogen molecule is dissociated. The jirocuss is 

For this process to bo energetically possible the <!olliding particles must have 
kinetic imergy in excess of tht> difference between the energy of dissociation of 
H.J (2*6 oV) and that of HellS which Coulson and Dunconson find from a wave- 
mechanical treatment to bo about 1*6 oV. The kinetic energy of the ton must 
therefore Is* gn^iter than 1*1 oV. The ionization {Miteiiiial of the HeH molecule is 
found to be 12 V. No evklence of the existence of a HoH-a molecule was found. 


Evidence of resistance to tumour growth in the offspring of Immunized 
ratB. By S. Russ ancl G. M. Scott. (Vommunicaied by R. A. Fisher, 
F.R.S. -Received 24 April 1939.) 

If t.he ri^sults of these groujis of experim«*iits are eonskler*‘d togt'ther, the averag*' 
volume of the Jensen's rat sarcoma tumours in 385 rats, the offspring of immunized 
parents, is just under lialf of the conlmls 17 21 days after inoculation when most 
carefully controlled, atui just over half the volume when only the male parent has 
been immunized. 

The number of disappearing tumours was much greater in t he offspring of the 
immunized rats, 42-0 % disappeormg compared with 10-0 % in the controls. 
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Distribution of charge and potential In an electrolyte bounded by two 
plane infinite parallel plates. By L. Rosenhbad. {Communicated by 
W. C. M. Lewis, F.R.S. — Received 26 April 1930.) 

In 1926 Zooher noMcod that cortain colioid subBtaiioes iwsparatoii out in horizontal 
layers at tho bottom of the veHsels which contained thorn. He noticed also that the 
distance between oonsecutivo layers diminished as the number of layers above tho 
point of observation increased. A theoretical explanation of this phenomenon was 
put forwanl in 1938 based on certain assumptions and a dependent approximate 
mathematical evaluation of the force between the layers. Tho mathematical evalua- 
tion of the force is open to criticism. 

The present investigation is bosod upon assumptions which arc simpler than those 
put forward by Zocher, and on an exact evaluation of the eloctrostatio charge and 
force associated with tho prosence of an electrolyte between two piano infinite parallel 
plates. The force is evaluated on tho basis of the Gouy thf'ory, the plates being 
separated by approximately 3 x 10“* cm. 

The effects of three alternative assumptions aro invt^tigated and it is found that 
only one of thorn loads to results which are in agreement with observed experimental 
facts. The cloctrokinetic potential ditforonco is found to vary with the concentration 
of the electrolyte, tho range of values consistent with experimental results being 
6-22 mV, In tho Zochor investigation tho elnctrokinetic potential difforonoe einergcwl 
as q. conseejuence of tho assumptions and was fovind to HH mV. 
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Dielectric loss due to polar molecules in solid paraffin wax. By 1). R. 

Pelmore. {CommurtkMed hy E. V, ApjiefAmy F.R.8. -Received 27 April 
1939.) 

This paper desenboH an extension of tho work of Ja('kson and Sillars who invosti- 
gutod tlie causes of dielectric loss in systems consisting of paraffin wax and an 
aliphatic ester (W. Jackson, 1935, /Vor. Roy, Soc, A, 150, 197; R. W. Sillars, *938, 
Proc, Roy, aSoc. A, 169, 06). It confirms thoir concktsiona that tho loss m those 
systems is dno to the rotation of tho polar molecules and can bo interpreted in terms 
of the Debye theory. 

Tho effect of different paraffin waxes has biM»n studied and a suggestion is mode 
that tho dielectric n'laxation time of those systems de£>ends mainly ujion the lengths 
of tlie carbon chams of the molecules of the shorter component, a conclusion borne out 
very strongly by thc^ comparison of tVie behaviour of ethyl Rtearalo oml spermacoti in 
hoxodneane as compared with thoir behaviour in a natural wax whose mean (jhain 
length was approximately 26. 

Experiments wore niiKlo with <\8tora containing two ester groups in each molecule, 
and in agreement with expectations it was found that tho dielectric loss was positive 
or negligible according to tho relative sense of t-ho two polar gron])s : when these were 
arranged so that tho dipole componeifts transverse to the chain hiwl opposite soa*<e, 
no dielectriit loss was observed. On tlie other hand, whim tho dipole components had 
the same sense tiie dielectric loss hod a maximum \'alue (at any given temperature) 
for a particular frequency, and tho relaxation time corrosponile<l closely with that 
anticipated from the chain length. 

This appears to confirm the conclusion that tho loss is due to the rigid rotation of 
the carbon chains about their long axes, and also to indicate that chain compoimds 
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containing polar groups should bo most effective as components of low-loss dielectrics 
propared for practical use, when the molecules contain an oven number of polar 
groups so arranged that one -half of the dipole components transverse to the chain 
have opposite sense to the remaining half. 


The lower limiting crystallite size and internal strains in some cold- 
worked metals. By W. A. Wood. {Communicated by O, W, C, Kaye, 
F.E,S, — Received 27 April 1039.) 

An X-ray examination has boon mode of the changes in crystalline structure during 
the progressive cold-working of pure copper, silver, nickel, aluminium, molybdenum 
and iron. Tt is shown that the grains are dispersed into a fundamental unit (crystallite) 
chariicterized by a lowc'r limiting size ranging from 10 “*cm. for aluminium to 
0-7 X 10“® cm. for copper. This size is declucod from the broadening of ajipropriato 
diffraction lines. It is further shown, in the general case of copper, that on contmuod 
cold- working the diffraction linos brooflon to a maximum and then diminish in width 
Ui a definite value, the two procrases alternating on further working. At the same 
time, the lattice dimonsions of the crystalliiOH change, having an cxiionded value 
when the lino is most diffuse ami a contracted value when tho line-breadth ilecreases. 
These changes are measured and indicate that tho condition of the cold- worked metal 
is marked by two extremes, (i) a comparatively stable state with a contracted lattice 
and minimum line-broadening giving tho lower limiting crystallite size, and (ii) a 
less stable state characterizeMl by an expanded lattici^ and an abnormally diffuse line- 
breadth which represents the extent and nature of tho distortion transmitted to 
and retained by the metallic lattice during continued deformation. 


Dlffrc^ction of X-rays by crystals at elevated temperatures. By (1. 1). 

Pbrston, M.A. {Communicated by C. //. Deach, FM,S. — Received 28 Afyril 
1039.) 

Tlio paper contain.s an account of tho investigation of certain diffuse spots which 
occur in Lane photographs of single crystals of aluminium, rocksalt and pericloso. 
Tho diffuse spots are not jiart of the normal Laue pattern, and although their 
presence has boon reportt^d by other workers it now appears that their intensity is 
greatly inert'osed wlien photographs are taken with tho crystal at about 600" C. An 
analysis of the photographs of aluminium shows that tho spots can be accouiit^ti for 
by the presence in the crystal of iieriodic disturbances which are assumed to be the 
thermal vibrations of the lattice. As a result^f thesf» vibTation.s the crystal con bo 
regarded as being broken up into groups of atoms which produce diffraction maxima. 
It is suggested that in aluminiuni these groups consist of an atom and its twelve 
neighbours, and that one group differs from another by having a slightly larger or 
smaller interatomic distance, or by being inclined at a small angle to tho direction of 
crystal axes. 
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The absorption spectrum of nitrosyl chloride. By C. F. Goodbye and 
8. Katz. {Communicated by S. Sugden, FM.S. — Received 28 April 

The extinction coefficient curvo of nitronyl chloride has been lueasurod in the 
visible and ultra-violet and eleven bands have been obst^rved. Four of these m the 
ultra-violet and blue liave been attributed to transitions to upper potential energy 
curves of the repulsion type. The n^maining banils in the green and yellow ai *0 of the 
iyj>o found for transitions to vibration levels in a stable or partly stable excited state. 
This excited state apjiears to arise from a hitlierto unknown level of the NO molecule. 
These latter bonils showed no fine structure and wore nearly symmetrical. A U^iita- 
tive assignment which is in occoi'dance with all the observations, including studies of 
the eiTect of temperature, has been put forwaixl. 


Resonance phenomena in the scattering of a-particles by some light 
nuclei. By 8 . Devons. {Coynmunicated by W, L. Bragg, FMB, — Received 
1 May 1939.) 

The scattering of a-particles at 90" has been investigated for the elenumts carbon, 
nitrogen, oxygen, fluorine, noon and argon. I’lie scattiTing substance was in the form 
of a gas, and the scattered particles were dcdcctod by moans of an annular chamber 
and linear arnidificr. 

Bosonancos in the scattering liavo been found for a-particlc energies as follows: 
carbon, 6‘7 MoV; nitrogen, 4*6 MoV, 5*2 M(3V; oxygon, .5*8 MeV; nuorine, 3*5 MeV, 
4 7 MoV. 

The results are discuswid with relation to the iiitcrpn^tation of scattering on tho 
“many -body** theory of tho nuclous and also in coniioxion witli other experimental 
data on scattering and disintegration. Tho rt'sults are not of a very high accuracy, 
owing to low intensity and resolution of the a-particle sources used. 


A new method for studying the adsorption of gases at very low pressures 
and the properties of adsorbed films of oxygen on tungsten. By J. L. 

Morbtson and J, K. Roberts. {Cmnmunimfed by K, K, Ridenl, V.R.Sr- 
Received 2 May 1939.) 

Tlie basis of tho method is tho fact that tho occoininodation coofliciont of noon 
with a tungsten surface is extremely sensitive to tho presence of adsorbed lihns. 
Oxygon contained in a largo bulb at a known jiartial pressure flows first tlirough a 
long fine capillary tube and then through wider tub<*s, in which the main resistance to 
flow arises from the prosonco of the nc'oii, to charcoal tubes iinmcrsod m liquid an, 
where it is removed. Tho wire on which tho adsorption takes is situated in one 
of these wider tubes, and the pressure in its neighbourhood can be cuknilated accur- 
ately from the kinetic theory of gases. Tho conditions obtaining at tho surface of the 
chorooal have been investigated. ProssuitJs of ox>'gon from about 2 x 10 ® to about 
7*6 X 10 • mm. of mercury can be obtained. 
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At room temperature there is a film of oxygen which is stable at the lowest pressures. 
Above this film is another, the population of which depends on the pressure. The 
isotherm for this up|M^r film has been dot<*rmined, and it has been shown that the mean 
life on tlie surface of a i)article in it is not less than about two seconds. The lower film 
is itself composite; part of it evaporates at about 1 100“ K and the rest not until above 
1700® K. The loss stable part of this lower film is attributed to molecules atlsorbed in 
the gaps in the immobile more stable part. 


The kinetics of the formation of oxygen films on tungsten. By J. L. 

Mobbison and J. K. Robkbts. {Communicated by E. K. Rideal, FM.S , — 
Received 2 May 1939.) 

The method described in the preceding paper has been applied to the study of the 
kincties of the formation of oxygon films. If 0 is tho fraction of the sites on the surface 
which are occupied by adsorbed oxygen at time U it has boon shown that at constant 
presauro tho variation of dOldt with 0 is what would be expected for the system to 
which oxygen has been shown to belong m tho pi*ecoding paper, i.e. a stable film with 
a less stable and presumably mobile film above it. The fact that the particles in this 
upjH^r layer con migrate and thus have an increased opportunity of luidmg a suitable 
vacant place whore they can be adsorbed into the stable film affects markedly this 
rcdatiun between dOldt and 

Tho relation between the accommodation coellicieut a and 0 is also discussed. 


The genetical analysis of a sex -limited character in Drosophila melano-^ 
gaster and its bearing on the evolution of secondary sexual characteristics. 

By C, Gordon and F. Gordon. {Communicated by L, Hogben, F.R,8 . — 
Received 4 May 1939 .) 

By selection and inbrcoding of Drosophila ^nelanogaster, a soxdimited palp coloration 
difference confined to tlio female can bo established. Palps of fomalos bolonging to 
such stocks arc dark brown in contradistinction to the pale palps of tho malo. Both 
sexes transmit tho genetic basis <if ttio character. In normal stocks of which the palp 
coloration of the fismalo is relatively pale, them is a detectable difference between the 
colour of the female [lalp and that of the malo. Wo may therefore regard palp colora- 
tion os an incipient secondary sexual characteristic throughout the species. The scope 
of this communication is tho gonotical analysis of the character and a discussion of its 
bearing on the evolution of secondary soxual characteristics. 

For tho analysis of its genetic basisaidicnotypic index based on arbitrary numerical 
symbols for different grades of intensity has been used in this investigation. By a 
modification of the technique of “inarkeil" chromosomes the contribution of indi- 
vidual chromosomes can be investigated. Brown palp stpeks have been crossed with 
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SjCy, Df + and with Oregon wild t 3 rpo. The result of such matings shows that genes 
which contribute to tljo brown palp effect are not appreciably repi’CHonted in the 
X-chromo8omo8 of any of the stocks i^xaminod. They are to Iw found on both the 
second and the third chromosomes, and to bo equally concentrated on the second 
chromosome of brown palp or either chromosomes, 'fho absence of the chromosome 
in XO males did not result in the appearance of brown palp. The presence of a 
y-chromosome m XX Y females did not 1 ‘esult in the suppression of the character. 
Hence the Y -chromosome does not contribute to tlie siip^irnssion of the character in 
the male. Kxhibition depends on the same type of balance that determines female 
sexuality and depends on tho oquivulont of the hormone balance. Triploid stocks with 
autosomes predominantly from the brown jialp stock wore established. Triploid 
inteisexes obtained {2X/3A) were maximally pale, i.e. male m t 5 q)o. (It is suggested 
that palp coloration might be used as an index of feinalenoss for tho localissation of 
sox factors.) 

The relative importance of natural selection and of sexual selection in establishing 
secondary sexual characteristics is discussixl in relation to the genetic basis of brown 
palp and to other genetic types of sex-limited characters. 


On non -commuting numbers and some applications. By 8. R. Milner, 
F.R.8. {Received 4 May 1939.) 

A cloas of numbers, additional to the arithmetic class, is required to express 
chang(*s effected m tho order of the terms in an array. Its members are readily 
recognizable as numbers when a suitable notation aiul operation rules ore devised for 
them. From these non -commuting numbers special “orthogonar* sots of related 
numbers can be selected which have interesting applications to four-dimonsional 
geometry. A study of these sets brings out new results in tho theories of quaternions 
and of rotation in four dimensions, arul throws further light on tho nature of the 
“locked” rotations and “spinors” employed in wave theory, and on Kddington’s 
£f-numbors. 


The quantitative study of populations in the Lepidoptera. 1. 13y W. H. 

Dowdeswell, R. a. Fisher, F.R.S., and E. B. Ford. {Received 5 May 
1939.) 

Tho numerical density of isolated populations is best estimated by marking, re- 
leasing and recapturing a number of specimens. A colony ot tho butterfly Polyom~ 
matus icartts Rott. on the island of Toan (Isles of Scilly) was studied by this metliod, 
an attempt being made to analyse tho naturti of any alterations in its numbers over a 
period of time. 

A cellulose paint, recommended to us by Mr G. A. Brett, proved entirely satis- 
factory for marking the speoimons. This seals the scales on to the wing membrane, 
and dries in a few seconds. It is then permanent and waterjiroof and causes no 
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damage to the insect. By the uso of different colours and positions for the marks, 
the date of first capture, and of each subsoquont recapture could be determined for 
any specimen. 

The island could I'ather sharply divided into areas which this species inhabits 
and from which it is absent. It was possible to show tliat no significant amount of 
migration took place to or from the colony as a whole. Consoquontly, additions to and 
losses from the existing population were attributable to emergence and to death 
respectively. Analysis of the data obtained showed that fnmi 26 August to 8 Sep- 
tember 1038, about 450-500 imagines died in all, including about 100 which emerged 
during that period, and that the population decreased progressively from approxi- 
mately 350 individuals to almost nothing. 

The present stu<ly lias therefore established that the numerical density of even a 
rapidly changing population of I^pidoptera can be estimated and the main causes of 
the change distinguished. 


Thermal diffusion in mixtures of the Inert gases. By B. E. Atkins, 
R. E. Bastick and T. L. Ibbs. {Communicated by M, L. E, Oliphantf 
F.R.S, — Received 8 Alay 1939.) 

Moosurc^ments of thermal separation have boon made in all the binary mixtun's of 
helium, noon, argon, krypton an<l xenon; using the Shakc'S])ear liot-wire method of 
gas analysis. By applying (3iapinan’s tlu^ory tlie reimlsive fortie index of the 
interrnolecular field has been obtained for each pair. The results show a wide and 
orderly range of molecular behaviour, the values of extending from 1 1*4 for heliimi- 
noon to 5*2 for krypton- xenon. In all cases there is a decrease in the value of as a 
heavier molecule is substituted for a lighter one in a mixture. The successive mon- 
atomic molecules thus become “softer” as their moss increases, i.c. their behaviour 
becomes loss like that of rignl elastic spheres. This conoliision is in general agreement 
with the information gi\ en by viscosity on the molecular fields of the single gases. 
A comparison with Harrison’s thermal diffusion value of for helium-ration, ob- 
tained by using radioactive methods of moasun*inont, shows that the massive radon 
molecule takes its proper place in the sequence os the “softest” of the group. 


The photosynthesis of carbohydrates from hydrated carbon dioxide. By 

E. C. C. Baly, F.R.S. (Receivcil 12 May 1939.) 

When a surface of pure nickel oxide containing thorium oxide in tlie molecular 
ratio of ITliOg : 24NiO is irradiated in the presence of water and carbon dioxide a 
carbohydrate is photosynthesized. This substance is unstable and changes slowly at 
room tomporaturo and rapidly at 60° into a second carbohydrate which can bo hydro- 
lysed by taka-diostose to a reducing sugar and is probably, therefore, a type of starch. 

The boat method of preparing a surface of nickel oxide containing thorium oxide is 
by adsorption on purified kieselguhr. The results obtained with the supported oxides 
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wero fully conflrmod with the unsupportod oxides, but this method was found to be 
less satisfactory. 

Full details aro given of the pn^paration of the supported and unsupported oxides 
and it is necessary that those be rigidly adlierod to, sineo ttio presonoo of impurities 
renders the surface photosynthetically inactive. 

The presence of thorium oxido in tho molecular ratio of IThOj : 24NiO is essential, 
since a surface of pure nickel oxide was proved to bo inactive. 


Recovery heat in muscle. By A. V. Hill, Sec.R.S. {Received 1 1 May 1939.) 

Tho n^covory heat ]iroduction of frog’s niuHclo has bc*on roiavt^stigated at 0” C 
under a variety of conditions, 

Tho ratio of total energy to initial energy is ronsistontly about 2. (a) m single 
contractions, followed to coinplt'to recovery, (/>) in a long HcrioH of eontroctions during 
a steady state, where tho accumulated recovery heat is monsured in tho interval 
liotween two stimuli. It is tho same when maximal work is done as wlieri tlio con- 
ditions arc isometric, 

During a stfMidy state tlie rate of recovery hent production is nearly uniform (de- 
creasing only slightly in tho int.erval between stimuli) and may bo several times as 

groat as the resting metabolic rate. The objection that tho post-stiTmilation heat may 
be due merely to an moreaso m the resting metabolism is considered. 

Tlio allowance for heat lost in such experimonla w dwcussod. 


The reactions of the urinary bladder of the cat under conditions of con- 
stant pressure. By J. Mellanby, F.R.R., and C. L. G. Pratt. {Received 
12 May 1939) 

Provided that the anaesthesia is not too deep, ilie isotonic bladtler t>f the cat shows 
continuous rhythmic contractions, tho amyihtudo and frequency of which depend 
upon tho hydrostatic pressure imposed upon tlio bladder. At any given pressure, the 
bladder volume remains constant. Tho greater the pressure, tlie larger the volume 
adopted by tho bladder, but tliere is no simple relation between pressure and voluint\ 
Division of tho norvi engentes seriously interferes with thi' rhythm, whereas division 
of tho hypogastric nerves either has no effect or else incrciuses tho amyilitude and 
decreases tho frequency of the contractions. Kloctrical stiniulation of either set of 
nerves causes a diminution of volume, and that duo to hypogastric stimulation is 
followed by a dilatation which is more marked at high than at low pressures. Adrena- 
line in small, moderate and large doses produces contraction, relaxation followed by 
contraction, and pure relaxation rospectividy. Acetyl choline (*ausos contraction, 
followed, especially if tho dose is largo or thi? pressure is high, by relaxation. Atropine 
and ergotoxine produce a condition of immobility m tho bladder. Rxperunontfl 
depending on tho selective blocking of nerve impulses by those drugs are therefore of 
doubtful value. 
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Absorption of penetrating cosmic ray particles In gold. By J. G. Wilson. 
{Communicated by P. M. S. Blackett, F.R,8. — Received 15 May 1930.) 

Ab8oi7>tion measurements of the ponotrating component of the cosmic radiation 
have been made by cloud chamber observations of the curvature change of tracks in a 
field of 10,000 G, using a gold absorber 2 cm. thick. 

At low energies (E^<lx 10® eV) the measurements indicate an absorption duo 
entirely to ionization; from two tracks of very low energy (E^<2x 10® eV) the in- 
crease of tins absorjition loads to an estimate of the mass of the mesotrons of 
^ r= ( 170 ± 20) mo . There is no indication of cross-sections for interaction of mesotrons 
with nuclear particles of comparable magnitude to that for absorption by ionization. 

At higher energies (A\ > 7 x 10* eV) a few particles were observed which appeared to 
iimlergo greaW alisorptinn, and these are shown to be in agreement with our 
previous measurements. Kxperimonts due to Ehrenfest make it iinlikctly that those 
particles belong to tlie pr<*dominant group of mesotrons, and it is probable that tliey 
are protons. {Since the particle fimerging from the gold plate is, in some cases, 
definitely not a proton, this hypothesis Huggests a strong absorption of protons with 
the production of rnf'sotrons in 2 cm. gold. A similar process has been suggested by 
Johnson for the production of mesotrons in the upper atmosphere. 
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Calculated wave functions and energy values for X-ray terms of potassium • 

By W. A. Thatcher, (Comrmmicated by 1). M, Hartree, FM,S, — Receimd 
28 April 1939.) 

Solf-ootisiMtent field calculations, without exchange, have boon made for two 
states of the potaKSium atom ionized in an mnor group, namely, for tho configurations 

K+«[(l«)M2«)M2p)‘ (3s)»(3p)«] 
and K+*[(l«)* (2«)* (2^)*^ (Ss)* (3p)«]. 

Tho results are given in this i>aj>or. The p(»rtiirbation f)f tho wnvo functions of tho 
outer electron groups on removal of an eloctrfin from lui mner grant is found to bo 
considerable, so that, for example, the (3#) and (3/?) wave functions of a K atom 
ionized in tho (1«) group are more like those of a normal Ca atom than like those of a 
normal K atom. Tho results may bo applied to take this perturbation into account 
in the theory of tho Auger effect or of X-ray diHjierHion. 

The application rnatle in tho pnwent jiapor ih to the calculation of X-ray ionization 
energies. Tho total energies of these configurations and of tho nonnal state of 
have boon calculated by Slater's method, and thci ciilculatod values of vjli for the 
X, and edges and Kv doublet obtained ami compared with tho ob8erve<l 
values. The agresomont is very good for the K eilge and good for tho K linos but It^ss 
so for the L edges. 

A now method of evaluating one of tho quantitios, n'l'lr), required into the 

evaluation of the energy integrals is given. 
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The friction of clean metals and the Influence of adsorbed gases. The 
temperature coefficient of friction. By F. P. Bowdbk and T. P. Hughes. 
(Communicated by C. H. Deaeh, F.B.8. — Received 2 May 1939.) 

A method is described for measuring the kinetic friction between metal surfaces 
which have been freewi from the oxide and surface films that are normally present. 
The removal of the films has a profound effect, and the kinetic friction between the 
outgassed metals may be twenty times greater thiui that observed for the same metals 
cleaned in air. 

The addition of a trace of oxygen to the clean metal causos an immediate reduction 
in the friction. Adsorbed hydrogen and nitrogen have little or no efFect. Although 
the friction is reduced by a single film, it is clear that polymolecular layers are 
necessary before a substance can act as an effective boundary lubricant for moving 
surfaces. 

The temperature coefficient of friction between clean metals was determined over 
u wide temperature range. Most of the metals investigated show a small but regular 
decrease in the kinetic friction as the tc^nipcraturo rises. If the tomporaturo causes 
excessive softening of the metal the friction may rise to a high value. 


The mechanism of sliding on Ice and snow. By F, Bowden and T. P. 
Hughes. (Conmunicaietl by ( 7 . //. Desch, FJ{.S. — Received 2 May 1039.) 

Experimental studies of the friction on ice surfaces have shown that the low 
frictions observed at temperatures near the melting point were duo to lubrication by 
a thin water film at the points of contact between the sliding surfaces. The noeflicient 
of kinetic friction was found to be imlepondent of the load, apparent area of contact, 
and speed of sliding over a certain range. When the tiMnperaturo of the ice was 
docroosod, the friction I'ose markedly as the water film became more difficult to 
form. Using ski of various materials, it was observed that the friction depended 
very largidy on the thermal conductivity of the ski. This rt'sult suggest^ed that 
frictional heating played a largo part in molting a water film during sliding; it hod 
boon previously considered that pressure mf^lting was alone responsible for the 
formation of f.his water film. 

Experiments witli miniature and ri'al ski on snow surfaces showed that the same 
general laws were obeyed as on ice surfaces. The higher frictions obtained on snow 
were attributed to the extra work clone m displacnng and compressing the snow 
crystals. 


Spontaneous rhythmic Impedance changes In the trout’s egg. By M. J. 
Hubbard and Lord Rothschild. (Communicated by J, Oray^ F.R,8 . — 
Received 12 May 1939.) 

Unfertilized and fertilized eggs of tho rainbow trout show spontaneous periodic 
changes of impedance. Meosuromonts were made with an A.o. bridge and electron 
oscillograph as detector. 
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At an input froquency of 3000 cycloB tho maximum change in impeciance por egg 
cycle corresponds to an approx. 0*4% imptMhinco cliango in tho equivalent parallol 
resistance and capacitance network in the standard arm ()f tho bridge. The maximum 
capacitance and resistance eiiangos in tiio latter are approx. 4*0 and 0*4 % respec- 
tively. The effect occurs only after about 7 hr. immersion in watiT. The frequency 
is about 1*6 min. Killing tho egg abolishes tho efh^ct. An increase in temperature 
increases tho frequency and victi versa. 

It is BUggt'st^id that tlie impedance cycle consists of two components : ( I ) tho main 
periodic change whoso frequency is about 1-5 inin., anil (2) an in-phaae periodic 
change of much smalicr amplitude with a frequency of one-quarter that of the 
former. 


The cause of multiple discharges In a Geiger -Muller counter. By C. H. 

OolTjIE and P. Morgan. {Communicated by F. A. Linde.maniiy F.R,S , — 
Received' 12 May 1939.) 

Tho formation of double kicks m a Cieiger-Mullor counter has been investigated 
experimentally# It is shown that they can be produced by tho proaoiice of small 
amounts of xylono vapour in the counter, and that tho double kick is due to the 
release of an electron from tho katluxle when the xylene lous are discharged 10~* sec. 
after tho first dLscharge. 


Investigations of the mechanism of the transmission of plant viruses by 
Insect vectors. By H. H. Storey. {Communicated by F, T, Brooks^ 
F,R,8. — Received IG May J930.) 

When puncturing through a membrane into a fluid, Cicndulina tnijtla ejecta saliva 
only when it stylets ar<j in motion, and not when they are at rest and fluid is being 
drawn into them. This saliva sets to a gel and is moulded internally by the stylets to 
form a sheath. No other material of insect origin has beim observed to flow from tho 
stylets. 

Tho salivary glands of infeetiv’o inHocts, when inoculated into tho abdomens of 
non -infective ones, caused a few of thesis to become infective. Comparative experi- 
ments with other organs from tho insect support the interpretation that the salivary 
glands may contain virus, either in small qiianfities or oeeiisionally. 

Attempts to demonstrate virus m a flviid upon wliieh many infective insects had 
fed were almost always negative. Only when infective ami non -infective insects fed 
simultaneously on a film of fluid held betwwn two membranes iliil a few of tho non- 
infoctivo insects become infectivt», and these never caused infoctiou more than once 
in a series of tests. 

Results were similar with a maize loaf f»n which infective insects hacl fed. Simul- 
taneous feeding on a small area of loaf alone caused a few non- infective insects to 
booorne infective, and these again were of low infective ability. 

It is suggested that an infective O. ndtiUi ejects virus in very' small quantities, so 
that only rarely can another individual take up enough ojoctciil virus to make it 
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infective and then only weakly so. The manner in which the virus is carried into the 
plant is still obscure; it is difficult to reconcile the view that the gelling saliva is the 
vehicle with the evidence of an earlier paper. 


The crystal structure of di-n-propylmonocyanogold. By R. F. Phillips 
and H. M. Powell. {Communicated hy C. S. Oibaon, F.R,S. — Reeeiml 
19 May 1939.) 

Di-n-propylmonocyanogold crystallizim in the orthorhombic 83 rstem, 0 ®= 17-06, 
6o = 22*30, Co= 10-0 A, space group Pea. There are 10 molecules of the formula 
AuPr,CN per cell. A Patterson analysis and Fourier syntheses on (001), (100) and 
(010), two of these non-centrosyrnmetrlc, have been made and show that the true 
molecule consists of four of these imits. The molecule is based on a square with gold 
atoms at the corners, linked by CN groups along each side, and two propyl groups 
are attached to each gold atom. The length of the side is found to bo 5-18 A in 
accordance with the structure I | 

— ^Au — C = N An — 

t I 

The four covalencies of the auric gold atom are at right angles to each other and 
coplanar, and the bond length is close to 1-3 A. Although the syntheses are based on 
eye estimated mtensities and the structure contains heavy atoms, the general 
positions of the largely overlapping propyl and cyano groups are clearly shown, 
especially in the centrosymmotric projection on (001). Spacial considerations are 
used to assign more doiinite sites to the lighter atoms in acconlance with the pro- 
jections, and the 144 atoms of the unit cell have been located. Tho bonds from the 
gold atoms to propyl groups all lie in the plcme of the square, but the rest of the propyl 
groups are arrangt^d out of this plane in a complicated way. Intermolecular distance 
are not less than 3-6 A. The low symmetry of the structure is attributed to tho 
difficulty of packing an awkward shaped molecule without leaving gaps. 


Note on the constitution of cyano derivatives of gold. By C. S. Gibsoiq^, 
F.R.S. {Received 19 May 1939.) 

The results of the investigation described in the previous paper make it possible 
to suggest structural formulae for the decomposition products of di-n-propylmono- 
cyonogold which are more satisfactory than those originally put forward by the 
author. 

It seems probable that the insoluble di-n-propyldioyanodigold produced by loss of 
lialf tho n-propyl radicals from di-n-propylmonocyanogold has a chain structure 
represented thus: 

Pr« Pr“ 

I 1 

. . . Au— C; = N ->Au— 0=N->-Au— C=N-^Au— C=N. . . 

I 

Pr“ 


Pr« 
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By complete loss of the n-propyl radicals aurous cyanide is produced which in all 
probability has also a chain structure representiHl thus : 

...Au— 0 = Nh.Au— C = N-vAu— C = N... 

analogous to that of silver cyanide : 


The action of ultra-violet radiation on barium and strontium azides. By 

W. E. Garner, F.R.S. and J. Maogs. {Recenml 22 May 1939.) 

Crystals of the alkaline earth azides are decomposed by ultra>violet light at room 
temperature. The threshold wave-length for this reaction is 3000 A in agreement 
with the threshold for the absorption by the ion in the solid state. There is an 
induction period before the evolution of nitrogen becomes measurable, after which 
the pressure increases at a linear rate. 

Fretreatment of the crystals with ultra-violet produces clianges in the length of 
the induction period and slopes of the log p-log t time curves for the thermal reaction. 
For short times of illumination of the crystals, p — and t = where r is the 
time of illumination and ti the length of the induction period. This is interpreted as 
indicating that ultra-violot light produces centres from which nuclei grow, those 
centres requiring 3-4 barium atoms before a nucleus is formed. The centres are 
possibly F centres produced by the decomposition of ions by the light. On pro- 
longed illumination, nuclei are formed at room temperatures. Evidence of a soloriza- 
tion effect was obtained for high intonsitios of light. 

The number of nuclei formed in the thermal treatment is enormously increased by 
previous exposure to ultra-violet light, and it is shown that ultra-violet light jiroduces 
two tyjies of centres from which the nuclei grow, one being confined to the action of 
wave-lengths less than 2360 A. 

The thermal decomposition of is unaffected by fields of 1260 V/cm. 


The thermal decomposition of crystals of barium azide. By A. Wischin. 
(Communicated hy W. E, Garner^ FM.S, — Received 22 May 1939.) 

Measurements have been made of the rate of nuclear growth in the decomposition 
of crystals of barium azide and it has been found that the nuclei increase in radius at 
a linear rate. Tho activation energy for nuclear growth is 23-6 koal., and the fre- 
quency of activation ~ 10^* molecular layers per second. 

The numbers of nuclei increase as the third power of tho time, which indicates that 
nuclei formation is a bimolocular process. The activation energy associated with 
this process is 74 koal. 

The pressure of the nitrogen evolved increases as the lO*— 10* power of the time, 
which is in good agreement with that calculated from the rate of nuclear growth and 
the rate of increase in tho niunl>ers of the nuclei. 
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On the decomposition of metallic azides. By N. F. Mott, F.R.S. (Beceioed 
22 May 1930.) 

A thoorotical diaouHnion of the dooomjiOHition of motallic azides, based on the 
Wagner-Schottky theory of ionic conductivity and the electron theory of solids. The 
main points discussed are: the formation of metallic nuclei and the nature of tho 
induction period; tho way in which tho prosonco of nuclei catalyses tho reaction; 
the action of ultra-violet light. The similarity between the decomiiosition of azides 
and the photochemical reduction of silver halides is pointed out. 


The mechanical efficiency of frog’s muscle. By A. V. Hn-b, Sec.R.S. 
{Received 24 May 1939.) 

A theoretical discussion is given of the mechanical efficiency (work/total energy) of 
frog’s muscle. Tliis is bastul on the heat of shortening, tho heat of maintaining a 
contraction, and tho constant b defining the effect of tension on the rate of energy 
liberation. Equations are given relating the efficiency to the speed of shortening, in 
a contraction at constant speed. The constants are known for frog’s muscle at 0° C 
and absolute values of tho efficiency are calculated. 

Experiments are describeil using a “protected” thermopile and a constant-speiMl 
ergomotor, from which it appears that the relation between efficiency and speed is of 
the predicted form, and that the maximum efficiency and the optimum speed are very 
close to tho predicted values. 

Tho observed maximum efficiency (40%) of the initial process corresponds to an 
efficiency of 20 % for the whole muscular cycle including recovery. This is not much 
leas than tho maximum efficiency in man. The efficiency of human muscular move- 
ments is oonsiiler(*d. 

A curious equality (or approximate equality) is discussed ; the rate of heat produc- 
tion in maintaining a contraction at oonsttmt length is about equal to the extra heat 
of shortening at velocity 6. This may have some significanco not yet apparent. 


The electrical conductivity of thin films of mercury. By E. T, S, Apple- 
yard and J. R. Bristow. {Cormnunicated by A, M, Tyndall^ F.R,S . — 
Received 25 May 1939.) 

The electrical resistance of mercury films deposited in very high vacua on surfaces 
cooled to various temperatures between 20>4 and 00° K has boon investigated. The 
thickness of the films has been estimated by direct weighing to 3%. The results 
indicate that the delayed appearance of conductivity as deposition proceeds is due 
to agglomeration of tho mercury into solid droplets, and that tho cause of the 
sudden onset of coniluctivity is the touching of these droplets. Tho temperaturo 
coefficients of resistance of those fflms are all positive and reversible after annealing 
at the higliest point in the temperature range. From a study of these coefficients it 
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is concluded tliat dims above 600 A in tliickness deposited at 64° K or lower can be 
regarded os coherent slices of metal, differing only from the bulk metal in being 
strained and in possessing a high residual resistance which can bo modifiod by an- 
nealing treatment. 


Superconductivity of thin Aims. I. Mercury. By E. T. S. Applkyarp, 
J. R, Bristow, H. London and A. D. Misenjsr. (Communicated by A, M, 
Tyndcdl, F.It.S, — Received 25 May 19351.) 

Mtsrcxiry films prepared in high vacua have been examined in the suiierconducting 
state. The transition temperature from the normal to Uie superconducting state in 
films previously annealed at 90° K or more is very close to that of tho bulk metal. 
On the other hand, films deposited at 4-2® K and not afterwards annealed show a 
displacement of the transition tomperatum clownwards }>y about 0*2° K. Tn neither 
ease is there evidence of any variation of transition tomjHnaturc with the thickness 
of tho films. 

The critical longitudinal magnetic fields required to restore normal conductivity 
in tho films at various temperatures have been determined. 

If JFf/ is the critical magnetic field for a film at a definite temperatiim and Hjnf that 
for the bulk metal at the same temperature, it is found that at all tenqieruturos 
HfjHyf is larger than unity, and mcn^ases rapidly as the film diminishes m thickness. 
For a film of a <lefitiite thickness increase's steeply as the transition tempera- 

ture is approached. It is inferred from this result tiiat tho do])th of field penetration, 
likowiso increases steeply as tho transition toxnperature is approached. 


The spectrum of rubidium hydride, RbH. I. Analysis. By A. G. Gaydon 
and R, W. B. Pearse. (Communicated by A, Fowler, F,R.S. — Received 
20 May 1930.) 

A baud spectrum attributed to rubidium hydride, RbH, has been observed in a 
discharge tube source containing metallic nibidiiun and hydrogen. Tho spectrum has 
been photographed on a 20 ft. concave grating spectrograph, and a rotational and 
vibrational analysis has been made. 

Tho spectrum is of the “many -line” typo charoctoristu* of tho alkali -metal 
hydrides, and is produced by a *2-’ ->**2.’ electronic transition. 

The band system is strongly degraded to longer wave-lengths, corresponding to a 
large change of vibrational freijiiency; We is 936*77 cm,“^ for the groimd oloctronio 
state and 244*6 cm.-' for the excited state. 

The constants associated with the vibration and rotation of tho molecule have 
been calculated for the ground and excited electronic states, 'fho excited state 
shows anomalies similar to those observed for tho other alkali -metal hydrides. 
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The spectrum of rubidium hydride, RhH. II. Potential curves, wave 
functions and Intensity distribution. By A. G. Gaydon and R. W. B. 

Pbarsb. (Communicated by A. Fowler, F.R.8. — Received 26 May 1930.) 

The intensity distribution among the various vibrational transitions of the 
electronio emission spectrum of rubidium hydride is described; in addition to the 
normal Franck*Condon parabola, which in this case is very open, there are very well- 
marked secondary and tertiary parabolae. 

To acooTmt for these subsidiary parabolae it is necessary to apply the methods of 
wave mechanics. As rubidium hydride is a partioularly favourable example, an 
attempt has been made to compare the observed intensity distribution with that 
expected theoretically. 

The potential fimctions have been calculated from the molecular constants derived 
from the analysis of the spectrum, and the potential curves are drawn and discussed 
briefly. 

The wave functions for the various vibrational levels of a harmonic oscillator have 
been calculated for the two electronic states, and these have been distorted, by a 
simple method, to correspond approximately to the potential curves. 

Using these wave functions, the intensity distribution has boon calculated. It is in 
good general agreement with the observations, but shows some discrepancies in 
detail. The various assumptions and approximations made in making the calculations 
are examined. It is concluded that such discrepancies as exist am [irobably to be 
attributed to the apiiroximato method of distorting tho wave fimctions of the 
harmonic oscillator to correspond to tho potential curves. 


Morphogenesis and metabolism: studies with the cartesian diver ultra- 
micro-manometer. V. Aerobic glycolysis measurements on the regions 
of the amphibian gastrula. By J. Needham, V. Rooebs and S. C. Shen. 
{Communicated by Sir Frederick Hopkins^ F,R,S, — Received 30 May 1930.) 

The cartesian diver manometer has been applied to tho measurement of aerobic 
glycolysis, following the two -cup method of Warburg. After a description of the 
calibration and testing of tho method, which is applicable to total gas changes of the 
order of one-tenth of one cubic millimetre, it is shown that the aerobic glycolytic rate 
of all tho regions of the amphibian gastrula is extremely low, approaching zero, and 
hence that the Pasteur reaction is equally efficient in tho organisation centre and the 
ventral ectoderm. Tho absence of any difference in respiratory rate between these 
two regions, previously observed in gostrulae of toad and axolotl, is here con- 
firmed by a different method for the frog. Similarly, the difference m respiratory 
quotient between the two regions previously observed in axolotl gastruloe, is hero 
confirmed by a different method for the frog. It seems legitimate, therefore, to 
regard tho general picture of metabolic changes in gastruloe found in the present 
series of papers as probably valid for most Amphibia. 
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On relativistic wave equatlone tor particles of arbitrary spin In an electro - 
ma^etlc field. By M. Fisaz and W. Pauli. (Communicated by P, A, M. 
Dirac, F.S.S. — Received 31 May 1939.) 

The force -free theory of particles with arbitrary spin values already published by 
one of the authors is f^eneralized to the relativistic wave equations of such particles in 
an electromagnetic field, with a preliminary restriction to the c-numbor theory. The 
spin values 3/2 and 2 arc treated in detail, and for the general case it is merely 
proved that consistent wave equations exist. The consistency of the system of field 
equations is attained by deriving them from a Lagrange function containmg suitable 
additional terms which depend on new auxiliary (|uantities. All the differential 
equations of the field are derived by variation of the action integral, and the vanishing 
of the auxiliary quantities in the absence of an external field is made to follow as a 
consequence of them. 

In the special case of zero rest-mass there exist identities between the equations, 
which are now invariant under a group of transformations which is the generalization 
of the group of gauge transformations in Maxwell's theory. In the particular case of 
spin 2, rest -mass zero, the equations agree in the force -free case with Ji!instoin's 
equations for gravitational waves in general relativity in first apiiroximation ; the 
corresponding group of transformations arises from the infinitesimal co -ordinate 
transformations. 


The reflexion of very long wireless waves from the ionosphere. By M. V. 

Wilkes. (C(mimuni€a;t€d by E. F. A pjjleion., FM.S, — Received 1 June 1939.) 

This paper is concerned with the theoretical interpretation of the experimental 
data already published by Best, Ratcliffo and Wilkes anil by Budden, Hatcliffo and 
Wilkes on the refiected wave received via the ionosphere at short distances (about 
90 km.) from tho British Post Office transmitter at Rugby (wave-length 18,800 m. ; 
16 kcyc./sec.). It is shown that the diurnal changes in reflexion height are in agroe- 
inent with what would be expected if reflexion took place from the bottom of a 
region of the type described by Chapman, in 'which the ionization is in quasi- 
oquilibrium with the changes in zenith angle of the sun. Hie polarization and 
amplitude of the wave reflected from a layer of ionized gas in a magnetic field when 
a plane polarized wave of wave-length comparable with the dimensions of the layer 
is incident on it are discussed, and in particular the tyj)o of wave reflected from a 
Chapman region is deduced. It is shown that the observed constancy of the amplitude 
of the downcoming wave until near the end of the sunset period leads to the con- 
clusion that in the reflecting region the froi^uency of electronic collisions is not 
greater than about 2 x 10® per sec., and tho possibility of collisional absorption taking 
place below tho reflecting level is discussed. Tho question of whether or not the 
'*Lorentz term** is to be included in the magneto -ionic equations is considered, and 
it is shown that the long- wave evidence, though not conclusive, appears to bo against 
including it. 
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Studies on the insect virus relationships of Hy. 3 virus, potato virus Y and 
cucumber virus 1 when transmitted by Myzus psrsicas (Sulz.), Myzus 
circun^exus (Buckt.) and Macrosiphum get (Koch). By F. M. Bobkrts 
and M. A. Watson. {Communicated hy Sir John Bussell^ F,R.8, — Received 
I June 1939.) 

Threo strairus of Hyoscyamua virus 3, two of cuciimbor virus 1, and potato virus F, 
wore tGstfvl for ilunr transmissibility by the aphides, Myzus peraicae, M. circumflexua 
and Macrosiphum geA, Tho cflfioioncy of the vectors in transmitting all tho viruses 
increased with increasing time of fasting before feeding on th(» infected plants. 
Their efficieiuiy docroaaeil as the time of feeding on the infected plants increoatni. 
The most probable explanation of these effects is that the viruses are inactivated by 
some sulistance produced by tho aphides when feeding. 

1^0 must successful vwtov on th<i whole was Myzus per«ictte, and the least success- 
ful was Macrosiphum gei^ but the relative officioncy of the vectors varied with the 
diffenint viruses, inrlicating that their ik'grco of success depended upon several 
interacting factors. Th<^ most important of these factors appeared to be : 

(a) Tho concentration of vims in tho host plant. 

(b) The localization t)f virus in tho host plant. 

(c) The capacity of the vector for uiiwtivating the virus. 

Tlie viruses which have thus bwn shown to be similar in their insect- virus rela- 
tionships arc also similar m their physical properties, and there are many other 
aphid- transmitted viruses which resemble them in this respect. It is suggested that 
such viruses may form a natural group, with the same typo of vector- virus relation- 
ship. This relationship ap^iears to be a complex one, and it is unlikely that the 
viruHf'H are mechanically transmitted. 


The number of configurations of an assembly with long-distance order. 

By T. S, Chang. {Communicated by R. H. Fowler, F.R.S. — Received 
1 June 1939.) 

Starting from tho equilibrium properties of an ideal alloy with a superlattice of 
the typo AB an<l with arbitrary compositions which are obtained by application of 
Betbe’s method, we have found the partition function of tho alloy by a process which 
is simply tho reverse of deducing tho equilibrium properties from the partition 
function. It is shown that if this partition function is expanded in powers of 
it agrees with tho corresponding rigorous exiiression up to the power 

From this partition function, wo find an a|>|)roximate expression for tho number of 
ways of arranging \N(0-\-0') particles upon a lattice of the type AD consisting of N 
sites m total, with particles on one sublattico and particU*s on tho other, 
producing X pairs of nearest neighbours formed hy tho particles. This is given by an 
expression involving d= \ —0 — 0' and q~ 4A^/sA^ z being the niunber of nearest 
neighbours of a site. Tho exact value of this number is evaluated for the special case 
in which tho 2V sites are on a straight lino, and is foimd to agree with the approximate 
formula exactly. 
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The scattering of alpha particles In helium. By S. Dbvons. {Communi- 
cated by W. L. Bragg, F.R.8.— Received I June 1{)3».) 

Tlie scattering of alpha particles in helium lias been investigated for scattering 
angles of 27“ and 38*6", and for eneigies up to 8- 5 MeV. It is found that the results 
are consistont with the oxintonco of a broocl level of Be* with spin two quantum uiiitSf 
and with an energy of about 3*3 MeV in cxcotia of the ground atate, which is assumed 
to posaeas a mass equal to that of two alpha particles. Th(^ results for alpha particle 
enorgioa groater than 7*0 MeV are not very accurate owmg to the low intensity of the 
sources of thorium active deposit available. 


A contribution to the theory of diffusion in non -ideal liquids and mem- 
branes. By J. F. Danielli. {Comviunicated by Sir Frederick Uopkim^ 
FM,S, — Received 5 June 1939.) 

This paper has been written to cope with certain physical problems encount-ored 
in the study of the permeability of living cell membranes to pimotrating molecules. 

No theory of diffusion through liquids and solids has previously been presented 
whicli takes account of the structure ot the diffusion medium. In this paper the point 
of view is adopU^d that all such media can Iw represented to a first approximation by 
im appropriate system of potential energy barriers, to cross any one of which a 
molecule must have more than a mmimum kinetic energy the activation energy of 
diffusion. 

In § 1 certain coses ore discussed where, within limits, tlie activation energy of 
diffusion may be ignored (atJtually, assumed identical for all molecules). 

Tn § 2 it IS ansumt'il that the rate of diffusioh over a single poUaitial energy barrier 
IS dotennined by a simple exponential eijuatiou of the form 

rate = (kTj27tm)^ «xp ( — mvy^kT) C*, 

where r is a constant, ^ is the probability that a mok'cule liaving at least the kinetic 
energy will actually diffuse, is the activation energy of diffusion over the 

jiotontial energy barrie?r, m is the mass of the diffusing molecule, k is the gas constant 
per inokKJule, T is the absolute temperature, C is the concentration of the diffusing 
molecules. Various interfaces are taken as representing single potential energy 
barriers, anti it is shown that to a first ajiproximntitai this exponential law accounts 
for the temperature variation of the rate of tliffusuai across such interfaces, provided 
no changes of structure, such os solidification, are involvc*d. 

In § 3 the same equation is ajijiliod to the ihffiision of ions and molecules in water. 
It is shown that, to a first ajiproximation, tht* eijuation accounts tor the variations in 
rate of diffusion found with different ions and mokiculcs. 

Tn § 4 this apjjroximate equation is applied to the problem of diffusion through a 
thin fatty membrane, 10“* cm. thick (the cell membrane). An expretssion is obtained 
for the permeability of this membrane, and it is shown that for a rn<jlecule such as 
glycerol the main rcisistanco to diffusion lies at the oil-water interface, and that the 
resistance in the interior of the fatty layer may, by comparison, bo neglected. 

In § 5 is discussed some of the assumptions maile in the previous sections. 
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Wave form, energy and reflexion by the ionospheres of atmospherics. 
By T. H. Laby, F.R.8., J. J. McNeill, F. G. Nicholls and A. F. B. 
Nickson. {Received 0 June 1939.) 

The vrave form of the electromagnetic pulse radiated from a lightning dash, known 
as an atmospheric, has been studied. 

The atmospherics are received on a vertical aerial which is connected through on 
aperiodic amplifier to a cathode ray tube. The spot on the screen of the tube is 
photographed on a film fixed to the external surface of a cylindrical drum which 
rotates at a imiform peripheral speed. 

Many himdreds of wave forms liave been recorded from atmospheric sources 70 to 
1500 ktn. distant, and incidental to the observations we have made, evidence has 
been obtained of the reflexion of atmospherics at an ionized layer. Such records sliow 
the intervals of time elapsing between the arrival of the first pulse along the ground, 
and the various reflected pulses. 

From the simple theory and methods of reduction given in the paper, it is possible 
to determine the height of tlie reflecting ionized layer, and the distance of the flash. 
When this is done, the height of the layer is found to be between 53 and 82 km., 
values in reasonable agreement with the lower limits of the E layc'r. 

Tlio observations are consistent with the sky wave and the ground wave, having 
the same velocity to 0*7 %. 

Oscillograms of typical atmospheric wave forms are shown, together with a 
possible interpretation of many of thorn. The assumption is made that the electrical 
discharge which radiates on atmospheric is a damped oscillation with a [leriod 
dotenninod by the instantaneous resistance, mductance and capacity. 

The relation between tht* distance of an atmospheric source and its field strength is 
found to be linear and figures are given for the peak power and the total energy 
radiated as found from ropreseiitativo examples. 


On fluctuations in electromagnetic radiation. By M. Bokn, F.B.8. and 
K. Fuchs. (Received 6 June 1939.) 

A mistake (pointed out by Dr Fiorz) in the former paper. Proceedings A, 170, 252, 
IS corrected. 
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Defect lattices In some ternary alloys. By H. Ltpson and A. Taylob. 
{CommuniaUed by A. J. Brculhy, F.R.S. — Received 9 June 1939.) 

In the Ni-Al syatem, the flolution of A1 in the /^-Ni-Al (body-contmd cubic) structure 
has been shown to be accompanie<l by an omission of Ni atoms from some of the 
lattice points. A study of the (^u-Ni-Al system shows that the omission of atoms 
begins at a lino of constant ratio of valency electrons to atoms, and this is supported 
by evidence from the systems Fe-Cu-Al and Fo-Ni-Al. 

These results may bo explained by the accommodation of electrons in the Brillouin 
zone. If the electrons fill the zone to a given energy level (which, in this case, is very 
near to the inscribed sphere of thc^ zone), then the number of electrons per imit cell 
should be constant. It is shown that this is so for the Ni*Al system, but it is not true 
for the Cii-Ni-Al system, the number of electrons m the zone increasing os Cu is 
added. It is presumed that the energy relationships are affected by the atomic sue 
factor, Cu being a larger atom than Ni. 


The magnetic susceptibility of nickel chloride. By H. R. Nkttlkton and 
S. SuGDKN, F.R.S. {Received 10 Jum 193U.) 

A solution of nickel clilorido appears to be very suitable as a standard for magnetic 
measurements since the nickel content can 1>e accurately determined by stanilard 
analytical methods and the molar susceptibility is independent of dilution. A now 
determination of the molar susceptibility has been mado using null methods to de- 
termine the field in the gap of a specially designed magnet followed by measuroments 
of the susceptibility of carefully analysed nickel chloride solutions by the Gouy 
method. 
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The mean value found WXw'* — is in good agreement witli that of earlier 
workers, viz. 4448 (Weiss and Bruins 1915 ), 4423 (Brant 1921 ). Those earlier determi- 
nations were made by different physical methods so that the susceptibility of nickel 
chloride is now known with considerable accuracy. 

A brief discussion is appended on the use of solutions of nickel chloride to calibrato 
vessels for measuring magnetic susceptibilities. 


Shower production by penetrating cosmic rays. By A. C. B. Lovell. 
{Communicated by P, M, S, Blackett^ F,R.S. — Received 12 Jnihe 1939.) 

A counter-controlled cloud chamber has been used to investigate cosmic ray 
showers under thick layers of load. 5800 photographs, containing 463 electronic 
showers of not lens than five particles, have been taken in a magnetic hold of 750 gauss. 

An analysis of the ovidonce and probabilities for various possible processes of 
shower production is carried out, and it is shown that the showers observed can be 
accounted for os cascade showers, produced by an electron which has boon knocked 
on in a direct collision witli a mesotron. It is lumecessary to assume the occurrence of 
otlier processes of apj)rociable cross-section. 

Duo to the influence of the incident energy spectrum of mesotrons, the majority of 
largo showers are produced as fluctuations, and in general, the lowest mesotron energy 
which is able to produce a shower of N particles is only slightly lower than the most 
probable energy for the production of such a shower. 

A searcli has been made to find showers, or single sticondary particles, produced by 
neutral particles in cosmic radiation, with negative results. 


The lamellar structure of potash-soda felspars. By S. H. Chao and 
W. H. Taylor, (Communicated by W. L. Bragg, F.R,S, — Received 13 
June 1939.) 

A previous general survey of orthoclaso-microporthites suggested the existence of 
different ty|MiH of lamellar structure according as the proportion of soda felspar is less 
than or greater than 30 % approximately. A now and more detailed examination 
confirms this, and Huggosts that the low-soda structure comprises monoolinio potash 
felspar with triclinic soda felspar lamellae in the mutual orientation characteristic of 
pericline twins, wliilo the high -soda structure comprises monoolinic potash felspar 
witli triclinic soda felspar lamellae oriented in accordance with the albite twin-law. 
The constitution of tlie soda felsjiar and tho bearing of the now data on the general 
theory of microperthitic structures are discussed. 

An examination of a Korean moonstone, apparently identical with material in 
which Ito claims to have established the existence of monoclinic soda felspar, reveals a 
lamellar ati'ucture of the low-soda type described above. Ito’s results ere diacuBsed. 
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Self-consistent field with exchange for carbon. By A. JucYS. {Oommuni- 
Gated by D. B, Hartree, F,R.tS, — Received 1 4 June 1939.) 

Solutions of Fock’s equations for tho solf ‘Consistent Hold with exchange have boon 
earned out for tho norma) states of C and C and for all throo configurations 
(3p, ID and ^S) arising from tho nonnal configuration of noutral C. 

For neutral C, tlio onorgios of tho (2s) (2p) have b<H>n calculated lH>th without 
and with the inclusion of the torm arising from the superposition of tho (2p)* con- 
figuration on tho normal (2s)^ (2/>)^ configuration. 

Tables of wave functions and onergies are givon. 


On the intensities of electron diffraction rings. By M. Blackman. (Com- 
municated by G, P. ThomsoUy F.R,S.—‘ Received 14 June 1939.) 

Tho rofioxion of elocirons liy a thin film is examined fwim tho point of view of tho 
dynamical theory in tho Lauo case. The fortnuloo are used to obtain a criterion which 
dett'mriinos when tho scattering is sunicioiitly small to allow tho kinoinatical tlioory to 
bo applied; it is found that this thc'ory is not in general ajifilicablo to tho thin films 
used in work with fast olectrorus. Tho total int(‘nsity scattered from a Him whon it is 
turned through its range of rofioxion is also found and tho result is used to obtain an 
aiiproximato intensity function showing how flM» intensities of the diffraction rings 
from a polycr 5 ^tallino film will vary when tho scattering is sufliciontly large for the 
kinomatical theory to be inappiicable. This intensity function is tested by comparing 
it with tho oxporimontal intensity function found for coppor and silver. It is found 
possible to obtain a good fit with very reasonable assumptions os to the average 
crystal size. 


A mathematical analysis of the distribution in maize of Heliothis armigera 
(Huebner) [= obso/etoF.], By Marjory G. Walker, Ph.T). (Communicated 
by W, R, Thompson^ FM.S. — Received 22 June 1939.) 

The distribution among maize plants of the eggs of the American boll-worm, 
Heliothis armigera (Huobner), is discusst'd and aiialysod. 

Tho problem is considered in n^lation to what is known of tho connexion between 
the stato of development of maize plants and tlusir attracl.i\'^ene8s to ovipositing boll- 
worm moths. Tho actual fmqueiicy ilistnbiition of tho eggs suggi'sts a random, u** 
opposed to a uniform, distribution, but it is shown that tho conditions required for a 
pure inathomatical random distribution cannot bo satisHoil. }3ccause tho maize 
plants differ from one another in absolute degree of attractiveness at any ono time, 
and in relative degivo of attractiveness with tlie passing of tinus it is not true that 
every plant has the same chance of receiving any particular egg. 

It is demonstrated that a mathematical theory, which is essentially one of random 
distribution, but which incorporates a modification to allow foi tho varying degrees 
of attractiveness of the plants, gives a fairly good representation of the egg dis- 
tribution foimd in the field. 
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It is pointed out that the method of mathematical analysis employed is only a 
rough approximation to what it is really intende<l to express, and that it cannot deal 
adequately with the essential difficulty of the problem — the fact of the continuous 
chajige in nature. 

For the further study of problems of animal distribution it is desirable that the 
mathematical theories should bo impnived. 


A note on the mechanism of boundary lubrication suggested by the static 
friction of esters. By A. Fogg. {Communicated by C, 0. Danvin, F.KS . — 
Received 22 June 1939 .) 

The note gives the results of static friction mnasuromonts of stool surfaces lubri- 
cated with series of methyl and ethyl esters. The series of ethyl esters was chosen to 
obtain a relation between cootficiont of friction and molecular weight, and an un- 
expected feature of the relation obtained is a iiiaxiriium value of coefficient of friction 
at a molecular weight of about 120. 

A Huggested explanation of this phenomenon is given by making certain assumji- 
tions regarding the structure an<l method of attachment of the molecules to the 
surface. 

On the basis of these assumptions, the beliaviour of a series of methyl esters was 
predicted before making tests and the results of the tests substxjuently carried out 
agree with the forecast. 


The microscopic analysis of intermediate phases in some age-hardening 
alloys. By M. L. V. Gayl£K. {Communicated by C. H, Deach, F.R,S . — 
Received 22 June 1939 .) 

A microscopic analysis has been carried out at high ageing temperatures on high- 
purity aluminium alloys containing 4% copper and 4% copper +0-6% magnesium 
and also on an alloy of the duralumin typo, but without manganese, containing 4 % 
copper, 0*5% magnesium, 0*3% silicon and 0'1% iron. 

In the 4% copper alloy, plates of the intermediate pliase, a-CuAlg, have been 
observed on (100) plants partly or completely changed to /ff-CuAl|. It is deduced, 
therefore, that a-CuAl, is a polymorphic form of ^-CuAl| and is metastable at tem- 
peratures of ageing below the quenching temperature. 

A second intonnodiate phase has boon identified, during ageing, together with 
a-CuAl, on (100) planes in the alloy containing 4% copper and 0*5% magnesium. 
This new intermediate phase also differs from another phase observed when the 
alloy of the duralumin type is agod. 
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The particle aspect of meson theory. DyN. Kkmmrr. {('o,n.munira(eft by 
S. Chapman, F.R.S. -Receiped 22 June. 19.39.) 

It 18 shown that, a n^fonnulation oi t.ho inrson aqiiationn i 8 holpful in tlie intor- 
pretation of the meson as a looalizacl particle. Instead of using the usual tensor 
form, the wave equations arc stated as 




whore the are operators ooinpletely definod by a sol of commutation riiles first 
given by Puffin ( \ 938 ). The theory can bo doveloped m strikingly close corrospondonce 
to Dirac’s electron theory, practically all the definitions of whicli find thoir exact 
counterpart, e.g. spin, magnetic moment , etc. The algebraic [iroporties tif the 
are studied in detail, a coinparisfin with other similar formulations is given and the 
limiting non -relativistic t.heory is developed. The formalism proves simple t-o handle 
and is expected to be useful m all calculations primarily concerned with the particle 
aspect of the meson. 


Stress systems in aeolotropic plates. I. By A. E. (xRken, and O. I. 
Tavlor, F.R.S. {Received 22 June 1939.) 

Equations which can be used for a syst^nn of generalized plane stress in a plate 
whose material lias any kind of aeolotropy have be<*n obtained recently by Huber. 
When the material has two directions of symmetry at right angles in the plane of the 
plate the equation for the stress function takes a comparatively simple form, in the 
present paper solutions in polar co-ordinates of this equation are obtained which give 
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Hinglo ^valued expreasioiw for the dLsplacementa, aaid these solutions are applied to 
the problem of an isolated force acting at an internal point of an infinite aeolotropic 
plate. The stress distributions due to such a force acting at a point of certain highly 
aeolotropic materialn such as oak and spruce ajre represented by polar diagrams. 


Stress systems in aeolotropic plates. II. By A. E. Gbebn. (Communis 
cated by O, /. Taylor, F,R,S. — Received 22 June 1939.) 

In a previous papt)r by (t, I. 'faylor and the present writer, generalized plane stress 
systems were examined for infinite aeolotropic platos. In the present paper formulae 
are obtained for generalized filane stress systems in an infinite aeolotropic strip and 
also in a semi-infinite plate. In particular, a solution is given for the general problem 
of any force acting at any point either within or on the boundary of such plates. 
The stresses due to any distribution of force may be deduced by integration. 

When a force acts on the boundary of a semi -infinite plate the stresses may bo 
deduced from our general results, but this cose is dealt with independently by solvmg 
the problem of an isolatf^l force at the vertex of n wedge. The method used here 
differs from that used by Michell who was the fii*8t to solve this problem. 

The stress distributions due to forces either within or on the boundary of a semi- 
infinite plate are illustrated numerically for a sx>ocimen of spruce wood which is 
highly aeolotropic. 


The equilibrium and stability of thin aeolotropic plates. By A. E. Green. 
{Communicated by t7. /. Taylor, FR.S. — Received 22 June 1939.) 

An equation is established governing the equilibrium of any thin aeolotropic 
plane plate which is bent by transverse forces and also an equation for the stability 
of any thin aeolotropic plane plate under forces m its plane. The results ore obtained 
by an elementary approxunate method which w eijuivalont to that used by Huber 
who was the first to give the equation for the oquilibrium of any thin aeolotropic 
piano plate which is bent by transverse forces. Some of the more elementary pro- 
blems of equilibrium and stability are solved. Numerical results are given for the 
stability of thin rectangular shoots of oak and spruce woods when they are acted on 
hy edge thrusts, and also for tlie stability of a rectangular sheet of spruce under 
shearing forces. 


Behaviour of the crystalline structure of brass under slow and rapid 
cyclic stresses. By P. L. Tuorpe, Engineering Department, and W. 
A. Wood, PhyaicA Department, National Physical Laboratory, Teddington, 
Middlesex, {Communicated by O, W, C, Kaye, F,R,S, — Received 1 July 
1939.) 

The stress-extension relationships for an annealed brass have been measured for 
static tensile stress and for a symmetrical alternating tension-compression applied 
at a frequency of 2200 oyo./min., and the mechanical properties indicated by the 
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curves have been studiorl in relation to the changes in crystalline struotiire of the 
grains as shown by the X-ruy difTraction inetho<]. It is shown that tho dispersal of 
the grains into widely oriontcHl crystallites, which constitutes the physical charac- 
teristic of the change at the yield point under ordinary statio or slow cyclic stress, 
is entirely suppressed under tho same rtigions of cyclic stress when applied at the high 
frequency, and tliat, afU*r the cyclic stressing has ceusiHl, this supjirt'ssion persists 
up to a static load equal to the inaxiniiim of the prior stress cycle employed; tho 
iniHihanical measurements indicate a corresponding inhibition of tho primitive yield 
point. A further result is obtained by a pniciso comparison of the dimensions of the 
atomic lattice) of specimens subjected to cycles of an unsafe range of stress; these 
show that an appreciable internal strain of the nature of a N'olumo expansion is built 
up in the lattice during the rapid cyclic stressing, and it is considered that it is this 
distortion which is associated with the inhibition of the dispersed crystallite forma- 
tion and rise m primitive static yield point. 


A quantitative study of pleochroic haloes. IV. New types of haloes. By 

G. H. Henderson and F. W. Sparks. {Vtyimnunicated by J. Chadwick^ 
b\R, 8, -Received 3 July 1930.) 

Four types of haloes, provisionally designateil as A , /y, f and D are de.scribed, three 
of them for the first time. These haloes have one, two, thivo and one rings respectively. 
Measurements of rmg radii arc given. I'he mode of occuiTence of the haloes is de- 
Hcnbod. It is shown that they are probably due to a particles from certain later 
members of tho uranium family, whose livens are exceedingly short on a geological 
time scale. 


A quantitative study of pleochroic haloes. V. The genesis of haloes. By 

(i. H. Henderson, ((hrnmunicated by J. Chadwick, FR.S, — Rejceived 
3 July 1939.) 

8ix types of pleochroic haloes are discussed in this and tho preceding paper, divided 
into two classes ** active*' and ''extinct*'. To the former class belong uranium aiid 
thorium haloes; to thii latter class types designated tentatively A, B, C and D, 

To account for extinct types of haloes a hypothesis is ativaneotl that they originate 
from hydrothermal solutions. ftSuch solutions diffused through conduits or clefts in 
the biotite crystal and particular radioactive ulemonts of the uranium family were 
deposited from them at certain centre's of precipitation. By a continuous process 
there was thus incorporated in a halo nucleus a cpiantity of a short-lived element 
sufRciont to pmduce a halo. Tn this way all four extinct types can be explaincil In 
active haloes this method of halo formation also occurred but the possibility is also 
open that the halo nucleus was fonned prior to the crystallization of the biotite. All 
halo rings can be accounted for by known types of a particles and no evidence is 
found for unknown elements which may once have existed in the earth and have now 
disappeared. 
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The actions of Iodine and hypolodous acid on pepsin. By J. St L. PinLPOT 
and P. A. Small. {Communicated by R. A. Peter/i, F.R.S. — Received 
.3 July 10»9.) 

Whoii ioiline hcIh on |i(^p8in the initial ratio of fall m Folia blue value to fall in 
peptic activity tiecreaHCH with increaHin^ pH and temperature, reaching a very low 
tigure at pH 6 and 3S‘" i\ The Harno occiiph with “dia/opepHin**, in whioli the reaotive 
tyro8ine gruupH have pn»viouHly bfien attacked by nitroua acid. 

When jK^psin ih treated with winall aniountH of hypoiodouH acid the initial ratio of 
fall in Foliii blue value to amount of hypuiodoiiH acid is iiiuch lower than for tyrosine, 
l>eing jiractically ml at pH fi*4. The hypoiodous acid required to produce a just 
perceptible fall in Foliti blue valu<‘ is siilticient to destroy most of the peptic activity* 

It IS concliidcxl tiiat some groups other than tyrosine arc concerned and reasons 
are given for excluding tither urmno-acids. 


Thermal ionization of barium. By B. N. Srivastava, M.S<j. (Communi- 
cated by M. aV. Saha, FM.S, -Received 3 July 1939.) 

In this paper a new method has been descrilxHl for experimentally studying the 
th(*rmul ionization of gosi^s. The apparatus used has already bf*on described in detail 
by Saha and Tandun elsewhere. Thermal ionization of barium vapour lius been 
iTiV(*8tigated at various tein])eraturos and the e(|uiiibrium constant and the effective 
energy of ionization ha\«^ biM*n calculated. The n^sults obtaituHl agree, within the 
limits of experimental error, with the th(»ory of tlu^rmal ionization. The results also 
support the usual iTit.<'r]ir«'tatioii of Uw well-known barium anomaly in the solar 
spectriun, luul y leld for tin* effective loni/ation eiu»rgy at 1 500" C a value of 1 14‘ 1 keal. 
thougli the ionization pottmtial of baiium is 5*19 V' com^sponding to 1 19*5 kcal. The 
theoretical value for this quantity at 1500” f' is 1 14*4 keal. The agret»ment is therefore 
quite satisfactory. 


The influence of diabetogenic anterior pituitary extracts on the islets of 
Langerhans in dogs. By K. (J. KiciiARiisoN. (Cmnmunicated by Sir Henry 
Dale, F,R,S. — Received 4 July 1939.) 

^rhe ex])ei'imental investigation of the oi^iiology of diabetes mellilas in intact 
animals has b(*en made ]K>sHible by the discovery that the daily injecftion intf^ dogs, 
of largt) amounts of a crude anterior pituitary extract results m a clearly defined 
dialietic condition which may continue after the injections cease and become 
permanently established. 

The histological condition of the pancreas, in a series of dogs so treated, has been 
examined to determine the influence of the diabetogenic anterior pituitary extract, 
particularly on the beta cells of the islets of Langerhans. Partial or complete degranu- 
lution of the majority of the beta cells, acconqiamed by hydropic degeneration in 
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individual beta oells, waa found in the material taken during the period of injections 
with pituitary extract, when the dogs wen» exhibiting temporary symptoms of 
diabetes. A characteristic viicuolntion of the intralobular duct epithelium was also 
observed, 

Vacuolation of the duct epitheliiiin and slight loss of cytoplasmic granules in beta 
cells, occurred in the pancreas of dogs treated with fractionated anterior pituitary 
extracts which faileil to jiroduce diabetic symptoms. 

During the prolonged period of pi'iinaiumt diabetes, the islets of Langerhans may 
remain intact and show httk* change beyond loss of cytoplasmic granules in the beta 
cells, or they may undergo at rophy by a r(‘du<*tion to small groups of alpha cells, or 
by complete or partial n'pineenif'nt by hyaline mat4'riivl. 

Til dogs wliich become ivfractory to increasiMl dosages of anterior pituitary extract 
and fail to exhibit permanent diabetic symptoms, there was evidence of hyperplasia 
in the islets of Langerhans. 


X-ray crystallography and the chemistry of the steroids. I. By J. D, 

Bkrnal, F.R.S., 1). Crowfoot and I. Fankiu'HEN. (Received 5 July 1939.) 

A survey has been made of the X-ray crystallography of some eighty sterol de- 
rivatives belonging mainly to the chokvsterol and ergosterol senes but incluiling also 
calciferol and other photo-denvatives of ergosterol and some higher plant and animal 
sterols. The moasuivtnents are recorded in four tables and iiicluilo iletermmalions ot 
unit cell size, space group mid some data on the crystal morjihulogy and optics. In 
three cases, cholesteryl chlorid(\ bromide and choli*steryl chloride hydrochloride, 
FatterH<3n prujeetjons )mvt* also bi^en derived from the intimsities of the X-ray re- 
tlexions of the hoi pianos. 'I'hese confirm earlier deductions on the shape and size of 
the sterol molecules, proving that th(*se me roughly lath-shapwl, 20 x 7 x 4 A, and the 
details of the patterns can also to sumo degree l>e ourrelaU'd whJi the actual arrange- 
ment of the carbon atoms m the sterol ring system mid with the positions of the 
chlorine and bromine atoms. The arrangement of the niolecMiles in tiie crystal units 
IS closely that given by the prolunmary examination from the optic orientations and 
this has therefore been employed to suggest in eaeh of the ivmainiiig sterol crystal 
structures the probable molecular urrangomont. 

Among the eighty compounds studied a number of diffiuvnt types of crystal struc- 
ture apjiear. An attempt is made to group these in a general geometric clossidcatiou 
depending ujxjii the relative orientation of the inolociilur axes, thickn*^, width, and 
length to the crystallograjihic uxivi a, b and r. Altogether 104 dilTerent sterol struc- 
tures are included in the cloMsificatioii and of tlu^se 77 fall mU> the second of the three 
mam groups dem^ribed above, which mclud<:%i cholesteryl chloride and bromide and 
has been called the noniial tyjx* of sten>l structure. 

The crystallographic measureinents as a whole are discussed in their bearing on 
specifie chemical problems under the following headings: 

(a) Characterizatiofi artd identijicaitmt. The X-ray data have been applied par- 
ticularly among the higher plant and animal sterols both to identify individual 
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oonfliituenUf (e.g. HtigmaiSterol in phytuHterol mixturea). to distinguLah additional 
eryatal fomia two typoa of coroviatorol) and to characterize new aterols and relate 

these to previously known compounds (e.g. a sterol from rubber). 

(5) Molecular weight determinationa. Molecular weight rneasurernenta have been 
carried out on coprosterone, ergotetroone, y-spinasterol acotatop ergostorol HgOp 
atiginastorol HjO, y -sitosterol HjO and a sterol from rubber. In the case of crystals 
of eholostanol, ergostadicme triol and J*-cholestene 7-ol, the measurements are used 
to estimate water of crystallization. 

(«) The atereochemietry of the carbon /tkcletmi. I'he X-ray measurements uidicate that 
the general configuration of the stf*rol ring systtHu must be flat but so far it has been 
impossible to correlate stereochemical changes at jiarticular ring junctions with 
crystallographic c‘hanges, e.g. Is'twetai rings C and D (a-ergostenol, yff-orgostonol), 
B and C (lumisterol), A and B (coprostane, cholestone). 

(d) The effect of tnibatitiienta on the cryntaUagraphy of the Hteroln, 

(i) The poaiiion of the hydroxyl (ftoup. A hydroxyl group at of the sterol skeleton 
generally, but not invariably leiuls to double layer formation in the crystal structure 
and vice versa, a double layer crystal struct ui-e usually indicates the presence of a 
terminal hydroxyl group. Exceptions arc cholestaiw'-tt-ol which shows a double layer, 
and pyrocalciforol which does not. Brassicastorol, cerevistorol. the sxiinastcrols and 
the rubl>t'r stf*rol all probably have hydroxyl groups at (^3. The position of 1 -cholesterol 
(which shows one double layer) is obscnirc*. 

(ii) The etereochemistry of the hydroxyl group at (3, It is not possible to distinguish 
at this stage between the two possible configurations of the hydroxyl group at C3. 
In cholesteryl chloride and bromide, the chlorine and bromine atoms must ho closely 
in the plane of the ring system. a-rhlor-choli«tane is c<irrelnte<i cr>*Htallographically 
with chol(\steryl chloride. 

(ill) The poHitam of the douJtiU The introduction of either hydroxyl groups 

or halogens at the double bontl system usually produces radical changes in the 
crystallography which makf^s simple comparison diflicult. The Patterson analysis of 
cholesteryl chloride hydrochloride provides, however, definite evidence that the extra 
chlorine atom is at C5. Tlie crystallography of both the hydroxy - and maleic anhydride 
denvativoM of ergostorol is in agreement with their present clu^mioal formulae but 
provides no certain proof of the correctness of these. 

(e) A compariaoifi of the cryatallography of different eteroU— monohydroxy compounds. 
There is a group of sterols including ergosterol and many of tho higher plant and 
animal sterols which show particularly close resemblances m crystal structure to one 
another. While inclusion in this group must indicate closo similarity, both in sterol 
skeleton and molecular arrangement, deviations do not necessarily seem to have a 
chemical significanc(\ 

{/) The etruciure of calciferol. Calciferol, while showing certain differences from the 
characteristic sterol group mentioned above, also shows similarities particularly in 
c plane intensities. It seems milikely therefore that the actual distnbution of the 
atoms in tho molecule differs considerably from that in ergosCerol. 

Many of the outstanding problems of the chemical structure of the sterols can only 
be settled by t^xact analysis. Tho present survey has indicated a number of compounds 
that are suitable for such treatment. 
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Band spectra of cathodo^lumlnescence. By S. T. Hendbraon. (Com- 
municated by N. F. MoU, F.R.S. — Received 7 July 1939.) 

Aphotographiomnthodisuaod to examine tho otnisninn bands of various fluorescent 
materials excited by cathode rays. Single bands given by zinc or zinc-cadmium 
sulphides agree closely with the Gauss error curve, exccf)t nt the outer edges where 
limits to the emission must occur. Approximate graphical analysis gives ade<}uate 
resolution for more complex bands. Koch activator metal produces a band m some 
characteristic position which vanes only slightly with varying preparative methods 
and activator contents, except when the activator is reduccnl to very small amounts. 
The effects of lowering the tomperaturo, and of changing to ultra-violet excitation are 
described. 

A simple relation is demonstrated between band posit ion and composition in the 
ZnS.CdS series, and the electronic transitions responsible are briefly considered in 
this case, and also for some manganese-activated materials. 


The freezing-point of rhodium. By R. Barker and F. H. Schofield. 
(Communicated hy G, W, C, Kaye, F.R.St. — Rer^ivefi 10 July 1939.) 

The freezing-point of rhodium on the International Tomperature Scale has been 
determined by measuring the ratio of brightness, for a certain wave-length, of black - 
body radiators hekl at the fmozing-points of rhodium and gold, the latter being the 
basic point of the scale for all high ternperat un^H. The brightness measurements were 
made by an optical pyrometer of tht* disappearing- 1 ilainent tyjie, sighted on the 
radiatcr, which, in tlie case of rhodium, consisted of a closod-ond thoria tube pro- 
jecting into an ingot of the metal. The ingot was contained in a thoria crucible, pocked 
in tlioria powder, anil placed in an evocuatod enclosure. It was heated by electric 
induction in such a way that it could lie alt.<*rnately melteil or frozen at a convenient 
rate. The ratio of briglitness was dotormined by tlm successive use of two rotating 
sectors, the first reducing the brightness of the radiator at the rhodium point so as t»j 
give an apparent temperature intermediate between the rhodium and gold points; 
and the seconil, when applied to a ratliator at this int/erinediate temperature (about 
1270° C), reducing its brightness to that corresponding with the goki iKiint ( 1063° (’). 
This two -stage reduction in brightness was necessitated by the fact that it is im- 
practicable to cut and measure, with sufficient accuracy, a single sector giving the 
required ratio of brightness, which is of the order of 700 to 1 for the wave-length 
used. The purity of the two specimens of rhodium employed in the investigation, was 
checked by measurement of the ratio of electrical resistance, 

The value found for the freezing-point, 1966 ±3° C, is indistinguishable from the 
only previous one obtained by tlie same method, namely that of the National Bureau 
of Standards. 
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The A3400 bands of PH and PD. By M. Ishaq and R. W. B. Pbarsx. 
{Communicated by A. Fouder, F.R.8. — Received 10 July 1939.) 

The band of PD analngoua to the X 3400 band of PH has boon phofcoflfraphed in the 
4th order of a 10 ft. concave grating. An analynis of its rotational stnicture has been 
made and the correspondmg band rum constants evaluated. In order to com- 
pare the values of the constants with those of PH, the PH hand has been photographed 
with the same dispersion and remeasured. The results are: 

For the initial statti for PD: /? = 4*170 cin.-^; D = - 1*52 x 10-* cm.~^; 
.4:- -116*5 cni.'i; while for PH: B ^ 8*026 cm. *; D = -6*7x10-* cm.-^ 
A = - 116*6 cm.-'; for the final state for PD: B = 4*363 cm."'; D = - 1*20 x lO' * 
cm."'; while for PII: B = 8*412 cm."'; D = — 4*3x 10"* cm. *. 

A catalogue of wave numbers of the lines measured is given, together with their 
classification. 


The Infra-red absorption spectrum of methylamine vapour. By C. R. 

Bailey, S. C. Carson and E. F. Daly. (Communicated by (7. K, Ingold, 
RR.S— Received 10 July 1030.) 

The infra-rod absorption spoctrum of methylamine vapour has been examined 
between 1 and 2H*6/i with a prism spectrorneler. With the assistance of Raman 
spectra obtained by other workers fundamental modes and combination tones have 
been assigned. A model for the methylamine molecule analogous to the model 
for ethane has been shown to offer a reasonable explanation of th(* spectra. With the 
inclusion of an indirectly d<*iterm!ned low torsional frequency in methylamine, the 
assignment is capable of yielding a satisfactory calciilatcnl value for the spocifio heat. 
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Studies of the post-glacial history of British vegetation. 111. Fenland 
pollen diagrams. IV, Post-glacial changes of relative land- and sea-level 
in English Fenland. By H. (ioDWTN. ((Umimunicated by Sir Albert Seward^ 
For. Hec. R.8. — Received 26 June 1039.) 

In Parts I and II of this serios thu author, jointly with Mr Clifford, ostabliHhnd 
an outlino of the stratigraphy of tho pnst-glacsial deposits of tho English Fenland, 
relating it to archaeology, local vegetatioiial dovolopment, and marine transgnjsHion 
and rotrogressioiL. Parts III and IV oxte^nd these studies by the methods of pollen 
analysis, in which counting of fossil tree [lollen from successive strata is mode to 
convoy tho history of changing forest covt^r over a wide laml area. 8ome thirty such 
sequences of pollen counts have boon mode, tlirougli pout deposits (and somotimos 
clay) in different parts of tho Fenland, and they are presented as jiolleu diagrams. 

Comparison allows tho rt^cognition of parallel drifts within those pollen diagrams, 
which fsan Iw divided into a system of zones rofloctiiig phosus of forest history. Tliose 
zones extend from the early period of sparse woofUaiid dominated by birch (Pro* 
Borc'al-zono IV) through the stages of pino>hazol dominance and establishment of 
alder and mixed oak-frirest which continues chariMstonstically to tho present flay. 
Tho latest zone (VIII) is marked by disappearance of tho hmo, and increased im- 
portance of birch, beech and homlioain. Those zones, sometimes aubdividecl, reflect 
general climatic drifts of wide extent and permit correlation with forest history, and 
so m turn with geological events and geochronology on the Continent. 

Tho zoning of the pollen diagrams is .shown to confirm strongly the views of Fon- 
land development already dorivetl from stratigraphy, levelling anrl archaeological 
content. 

Furthermore, by furnishing a time-scale, tho pollen-analyses allow a preliminary 
attempt to co-ordinate in a single quantitative scheme the scattonnl data of progressive 
changes in relative land- and soa- level from zone IV onwards. This shows a not meu'ine 
transgrossion of about 200 ft., broken by periods of temporary retrogression. 
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The decomposition of the alkyl peroxides: dlpropyl peroxide, ethyl 
hydroflen peroxide, propyl hydrogen peroxide. By E. J. Harris. {Com- 
municated by A. (7. a. Mgerton, F.R.S. — Received 12 July 1930.) 

Thn docoiiipOHition of dipropyl poroxiclo liko that of diothyl peroxide (Proc. Hoy, 
Soc, A, 1938, 168, 7-18) m a honiogeneoua, imiinoleoular reaction l>elow a critical 
prcHHurcs above thw ])rofcMure exploHivo decomposition takes place. The limitmK 
pressure vanes with tlie teinporaturc according t ;0 the law for thermal explosions. 
Tho products of slow decomposition arc^ complex, and include propaldohydo and an 
alcohol ; tho explosive docomposition leads to formation of butane and formaldehydi'. 

Tho decomposition of c'thyl and propyl hydrogen {x^roxidcs is hotorogonoous and 
accelerated by mcroosmg the surfiu*o or by coating the surface with salt. Tho vapours 
f)f those peroxides luininoHco fec'bly when a<linitted to a hot viwsel, probably <lun to 
combustion of part of tho peroxide in oxygon liberated from tho rest. Tho roaction 
])rodiietri include aldehydf's and alcohols, and at low temperatures oxygen is foun<l, 
while at high t-<Mnporat ures thfj hydrocarbon having tho same number of carbon 
atoms as tho peroxicki is forniod. 

All tho pta'oxifkis ignite in air at very low pressures in tho tenipi'ratun^ range 
200-300", and the eonnf'xion botwoc^n tlic'so results and the luminous phonomona of 
slow combustion is discussed. 


Hyperfine structure and Zeeman effect of the resonance lines of lithium. 

By U, A. Jackson and H. Kuhn. {Oominunicated hy F, A, Lindetmnn, 
FJi,S, — ReceiveA! 14 July 1939.) 

liy means of absorjition in atomic b(*ains, it has been {lossiblo to observe hypnrfino 
stTuciiire in tho rosunancf^ linos of Li 7, and to dotormino tho splitting of tho ground 
state 2 Sj witli great accuracy. The value found was 0*0276 ±0*000.3 cm.~', giving a 
nuclear magnetic moment ft = 3*25. 

Tlie hypeWiru^ structure of the -components of the Zeeman effect of tho Imt^ 
2 S|-2 *P| of Li 7 could he resolved. Four lines were observed in each component, 
in agreement with the value / = j of tho nuclear spin. 

'rho multiplet splitting of the 2 *P term of Li 7 was found to ho 0*3372 ± 0*0005 cm. 
Tlu' isoUipe shift of the line 2 iSj-2 *Pj was found to bo 0*345 cm. and that of the 
lini* 2 Sj -2 *Pj about 0*36 cm.“L 


Terrestrial heat flow in Great Britain. By A. K. BisNvmLo. {Voitimuni^ 
vated by Sir Gerald Lenox-Cony nAjham, F,R,S, — Received 15 July 1939.) 

Moasununeiits are described which load to valuer of tho terrestrial heat flow in 
five bores in Hritain. In the two deepest bores definite evidence of tho existence of 
an ICO age wus found. It is not j>ossible from those measurements, however, to fix 
the date of the withdrawal of the ice sh<H»t with any certainty, but the indications 
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ftro conAmtent with the eHtimates derived from other ovidonco. Using 0000 b.c. ok 
this date to corrwt the moasunxi heat flows, the moan cqiiihbrimn h(^at flow is foimd 
to bo 1*42 4: 0*09 eal./cm,* sec., wliich is lower than hiw Ijoon previously estimated, 
but is higher thiui tlm moan heat flow in South Africa foimd by Ihilhird. The result 
of so low a luxit flow on tiuiiperatures in the granitic and basaltic layers is briefly 
discussed. 


Borehole temperatures in the Transvaal and Oranjl^o Free State. By 

L. J. Kbkik. {(Jornmunicated by B. F. J. Schonland^ F.R^S, —Re/^eived 15 
July 1939.) 

Five doop borehoh^s in which temperatures wi'rc lueosiii'cd pass through dolomite, 
Vt'utersdorp lava, Witwab'rsrand quartzite, intrusive diabase and small thiekuessi's 
of other rocks. The goothorinic step (inereiuse in d(*])th per varies over wiilo 
ranges, it-s mean values being Ingheat m tho dolomite and lowest m the lava. It is, 
as a rule, small alcove the watc*r table, <jsp«»eiiilly in tlio ]<*aeh(*d dolomite, and generally 
largest immodiatoly below this level. 

In tile dolomit<e below tho water table the geotiiermie step is at flrst very large and 
m on<» case negative, and then decreases almost continuously iluwnward, tho lowtvit 
value reached being 310 ft. (95 m.) nt its basts 'riiis deereasc and the negative result 
both sc'oni to be duo t»o circulation of the ground water, Tho average below tht^ water 
table is 382 ft. (llHm.) at (lerhardinmnebroii, 405 ft. (143 in.) at Driefontciu and 
473 ft. (144 m.) at Doornkloof. 

Tn the Vimtcrsdorp lava m the Jaeoba borohoIf» the gc'otherrniij stiq) decreases 
from 346 ft. (105 m.) below tho ground water level to 217 ft. (66 m.) near its basi*, 
tho moan IxMng 248 ft. (76 in.), which is also the av’crage at Doornhoiitrivder below 
the fii*st lOOO ft, (300 m.), whore the temperatun^s are afTeeted by gas. 

In tho Witwatorsnuid ([uartzites at (jorhardimnnobroii the range is from 470 to 
300 ft. (143 to 91 in.) and the a\’'orage is .366 ft. ( 1 1 1 in.). Tho value is 380 ft. (116m ) 
at Jocoba and 385 ft. ( 11 7 m ) at Ooornhoiitrivier, in both of which holes thi^ thickness 
of (piartzite is small. At Doornkloof tho range in tho quartzite is from 365 to 335 ft. 
(Ill to 102m.) and the average 364ft. (108m.), which is also the mean value in 
two dykes passing through the* (piartziti*. This agreement seems to show that the 
geothermic step in tho (piartziti- is reduced by thi* presence of the dykc'S, and vk'c 
versa. 


Heat flow in South Africa. By E. C. Bullard. {Communirafed by B. F. 
Scfionland, FJi,S. -Recewd 15 July 1939.) 

The thermal conductivities of forty-nine rocks from bonis in South Africa have 
been moasun'd. The moan lu^at flow ealculateil from these and from Krigo’s and 
Weiss's temperature ineasuromeiits is M8x 10 * cal. /cm.* ste. This is much lower 
than the values usually quotwl but agrees with Uenfield’s mean for bores in Europt*. 
There is no foundation for tho common opinion that the heat flow is lower in South 
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Africa than in Europe. It is likely that ixiany of the other supposed oases of abnormal 
heat flow are also unfoimded. The low value of the heat flow shows that there oaimot 
be more than 12 km. of rook with the radioactivity of surface granite under South 
Africa. This supports the reality of the ** Intermediate Layer'* of seismology and 
leads to very low temperature at the base of the granitic layer. 


The exchange reaction between deuterium and hydrogen chloride. 1. By 

E. K. RiDKATi, F.R.S. and H. Steiner. {Received 20 July 1939.) 

Tht^ thfurnal exchange relictions between the following substances have been 
studied: deuterium and hydrogen chloride, hydrogen and deuterium chloride, 
p-hydrogon and hydrogen cliloride. The moohanism of these reactions consists of a 
superjKJsition of a bimolocular reaction of the typo D, + HCl -► HD + DCl, and of 
an atomic chain reaction, initiated by thermally dissociated atoms. The atomic chain 
is found to promd by the soquonco D + HCl -►HD + Cl, Cl + D, -►D + DCl, while 
the reaction D + HCl -► DCl + H does not occur. 

Activation cmergic^, calculated from band spectroscopic data by Kyring and 
Polanyi's method, are in agreement with the experimental results, in that they show 
that both these mechanisms can occur. From the form of a potential energy contour- 
map the non -occurrence of the reaction D + HCl 001 + H can be explained as due 
to a low triinsmissinn coefficient. In addition to these nisultn, values for the rate of 
some of the elementary reactions involve<l have bf)en obtained and are discussed in 
the light of the transition state theory. 


The exchange reaction between deuterium and hydrogen bromide. By 

H. Steiner. {Communicated by E. K. Rideal, F,R,S. — Received 20 July 
1039.) 

The exchange reactions of para-hydrogen and of deuterium with hydrogen bromide 
have been studied. It was found that the mechanism differs considerably from the 
one of the analogous reaction between deuterium and hydrogen chloride. No 
bimolecular reaction was found and the atomic chain reaction, which caused the 
exchange, followed the alternative of the two possible sequences. Potential energy 
diagrams were constructed from band spectroscopic datih according to the methods 
developed by Eyring and Polanyi. They were found to account satisfactorily for the 
changes observed. In addition, values for the rate of the reaction H + HBr -► Hj+ Br 
ore given and discussed. The transition state theory seems to account somewhat bettor 
than the collision theory for tho temperature dependence of the rate of this reaction. 
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The adsorption of non>polar gases on alkali halide crystals. By W. J. C. 
Obb. {Communicated by E. K. Rideal, F.R.8. — Received 20 July 1939.) 

An experimental technique sufficiently sensitive to measure accurately the very 
small amounts of non-polar gases which are adsorbed on alkali halide crystals is 
developed. Isotherms for argon, oxygen and nitrogen on KCl and Csl are described 
and the heats of adsorption as a function of the amount adsorbed are derived. 

For these systems a maximum occurs in the curve of the heat of adsorption plotted 
as a function of the amount adsorbed and this, it is shown, marks precisely the jKisition 
at which a first monolayer is completed. Tlie results are compared with theoretical 
calculations of the a<lsorption behaviour of argon on KCl and Csl and very good 
general agreement is obtained. Probable explanations are advanced for speoffio 
deviations. 

In the range between the completion of a single monolayer and the bulk condensa- 
tion of tho gas an amount equal to throe to four timers that in the first layer is 
adsorbed. It is concluded tliat the inoU^cules in this I'egion tend to arrange themselves 
in layers rather than in localized aggregates. 


Y-carotene in the sexual phase of the aquatic funj^us Atlon^ces. By R. 

Emerson and D. L. Fox. {Communicated by Sir Frederick Oowland 
Hopkins^ F.R,S. - Received 20 July 1939.) 

In the life-cycle of certain species of tho aquatic phycomycoto A UomyccH an asexual 
or sporophytic generation regularly alternates with a sexual or gaTnetf>phytic one. 
Asexual plants bear thin- walled, colourless zoosporangia and thick -walled, brown, 
resistant sporangia; sexual plants bear colourless female gametangia and orange 
male gamotangia. 

The pigment in tho resistant sporangia is confined to tho heavy, pitted, outer wall ; 
the inner membrane, tho cytoplasm, and the spores which are formed are all colourless. 
The orange pigment, found exclusively in tho male colls of the sexual phase, is present 
in oil -droplets within the cytoplasm and is still apparent in the male gametes after 
their emergence from t.he gametangia. There is not any trooo of pigment in the female 
gametes, which, altiiough more than twice tho size of the males, are similar to the 
latter in structure and motility. 

Results of the present chemical investigation of the pigments in AUomycett may 
be summarized as follows. The brown pigment of tho resistant sporangia belongs to 
the melanin group, and careful examination and tests have failed to reveal any 
detectable traces of carotenoids in the solvent-free materied extracted from sporo- 
phytio plants. The brilliant orange colour of the male cells in the sexual generation, 
on the other hand, is clearly due almost entirely, in the majority of cases examined, 
to the presence of carotenoid pigments. Melanins ore rare or looking in this sexual 
phase. No traces of oxygen-containing carotenoids, i.e. xanthophylls, xanthophyll- 
esters, or carotenoid acids have been <letected. y-oarotene was found in remarkably 
high concentrations, oooompanied in certain strains by small amounts of other 
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isomerB such as ;9-oarotene. The pronoimood and nearly oxolusive synthesis of the 
relatively rare y-isomor of carotene is of particular interest. 

These findings concerning the pigmentation of AUomycea are in close accord with 
existing information; the synthesis and solootivo storage of carotenoids or their 
derivatives in structures associated with reproduction is well known in many other 
ory|)togams as well os in countless higher plants. Notable also is the corresponding 
concentration of carotenoid pigments in the reproductive structures and socn^tions 
of many animals. Tlio fon^going study lends emphasis to the possibility that such 
compounds play important biochemical roles in sexuality and the processos involved 
in the inetalxtlism of reproduction. 


The upper frequency limit for the binaural localization of a pure tone by 
phase difference. By J. W. Huohkh. {Communicated by T, Gralmm. Broum, 
FJt.S.— Received 2i) July 1930.) 

The least porcepljble changes of phase in binaural localization (measured from 
zero pliose difference) have been determined for several ol>serv€‘rs at various fn*- 
quencios in an endeavour to find if any upper frequency limit for the detection of 
such clianges existed. Pure tones were used in the experiments, and the changes of 
phase wore tnade by an electrical method. The results show that for nearly all the 
observers tlie detection of changes of phase becomas difficult at about 1 300 e./si^c., 
and impossible at about 1500 c./soc. 


Triassic inflorescences from South Africa and their significance in the 
floral morphology of the anglosperms. By H. Hamshaw Thomas, F.R.8. 
(Received 22 July 1939.) 

Two interesting s|x^cimens found by Dr A. L. DuToit in the Molteno Beds near 
Dordrecht, C.P., are described and figured. Tliey were preserved ns impressions in 
mudstone. One specimen has the appearance of a branched ongiospermous in- 
florescence bearing small flowers and buds ; the branches lie m one plane. The flower- 
like structures had five or six perianth segments surrounding a flattened receptacle 
or shallow cup. The central structures are so altered by compression that their nature 
cannot be ascertained, they must have been small and sessile. The other specimen 
shows two ** flowers'* with a perianth and some different structim)s, possibly seed 
bearing. Its branches boar bracts and bracteoles. 

A new genus is founded for the specimens which are regarded os specifically 
distinct. Their aflinitios are unknown. While showing some resemblance to modem 
angiosporms, those fossils have no trace of strobilar construction. They raise doubts 
OS to the validity of the commonly held views of floral morphology. 

A (iritioal analysis of the discussions on floral evolution shows disregard for the 
rules of logic and resulting confusion. Evolutionary concepts must be clearly 
separated from those of typology. 
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An inductive approach to the question of tho strobilar theory of floral construction 
is suggested. Tlio signifioanco of these spocimons in n^lation to this enquiry and to tho 
recent investigations of Gr6goire on floral ontogeny is indicated. 


The magnetic susceptibilities of some cupric salts. By James Reekie. 
{Commnnic4ited by J. /). Cockcroft, FM.S, — Rejceiv&l 22 July 1939.) 

The mean mass suscoptibilities of tho three cupric salts - -copper sulphate ismta- 
hydrate, copper potassium sulphate hoxnhydrato, ami copper ammonium sulphate 
hexahydraU' — have been measured down tio a iomporaturo of 1-6° K. It is found 
that the first salt follows approximately a Woiss law with ^ = - 0-7° over tho whole 
temperature remge, anti that both double sulphaU^s follow a similar law with ^ — 0*3® 

down to 14® K but obt^y a simple Curie law in the helium rogion. The rtMults aro 
compared with Jordahl’s crysttUline field theory in which tho Cu^^* ion in these salts 
is assumed to be acted uiwii by an electrostatic fieltl of nearly cubic symmetry. 

It is concluded that Jordahrs theory is able satisfactorily tt> account for the 
observed variation with temperature of the effective magnetic moment of tho Cu-^ * 
ion in tho double sulphates, but that in the case of the copper sulphate the theory 
is not adequate to explain the susceptibility measurements. It appears that either 
the system of energy levels of tlio Cu++ ion in copper suli>hato must differ considerably 
from that in the double sulphates, or magnotio inUTOction effects must become 
appreciable in copj^cr sulphate at a relatively high toinporaturc. 


A rigorous theory of the recombination of both small and large ions In 
gases at high pressures. By W. R. TiARPEn. {Commanicated by A. M, 
Tyndall, F,R.8. — Received 22 July 1939.) 

The recombination cooflicieut for both large and small ions at high iirossunis is 
derived by a rigcmius treatment, Jb'or small ions the formula reduces to that of 
Langovin. It is shown how it was possible for Langevin to obtain tho correct result 
without allowing for the effects of diffusion. Tho condition for the riHsombination 
coefficient to bo independent of concentration is invostigaU^d, and it is found that 
fur small ions the theory is not invalidated on this account unless concentrations 
are greatly in excess of those found in an a>particlo track at 100 atm. 


The thermal conductivity of gases by a relative method with an application 
to deuterium. By W, G. Kannuluik. {Communicated by 71 //. Lcd^y, 
FR,S.— Received 24 July 1939.) 

By means of a hot-wire method in which sliort thick wires are used tho thermal 
conductivity of a gas relative to that of hydrogen can be determmod to 0-5 o/„. If 
the value of the conductivity of hydrogen be assumed, the thermal conductivity of 
any other gas can be obtained in absolute measure correct to 1 %. 
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The method is based on a simple approximate theory applicable to a short thick 
wire mounted axially in a metal tube. It is shown that for a given heating current 

1 amp. in the wire k = ”— 5 * + C\ 

R — Rq 

whore k is conductivity of the gas filling the tube ; H is the mean resistance of the 
heated wire ; R^ is true rosistanoo at 0° C ; O and C* are specific constants, the determina- 
tion of which calibrates the apparatus. 

The apparatus consists of two geometrically similar stainless steel tubes R and S 
each containing a nickel wire 5 cm. long and 1-5 mm. in diameter. The two tubes 
form the low-resistance arms of a Kelvin bridge while two pairs of 1 ohm coils 
comprise the ratio arms. One coil m each ratio arm is suitably shunted in order to 
balance the bridge. The tube S is loft permanently filled with air while R is filled 
with any gas under investigation. 

The constants C and C* are determined by obtaining (/f — i^o) hydrogen 
(k = 41-3 X 10 ‘* at 0 ° C) and (R — R^) with R highly evaluated (ifc = 0 ). Satisfactory 
chocks on the mothpcl were then obtained by measuring the conductivity of air and 
of carbon dioxide. 

The tube R was next filled with pure deuterium obtained from 99-06% heavy 
water by reducing the latter over heated magnesium ribbon. At 0 ** 0 the ratio of 
the conductivity of hydrogen to that of deuterium was found to bo 1*365, while the 
conductivity of in absolute measure was 30*3 x lO"* cal. om."^ sec.'^ deg.'^. 


Investigations on the iodide of sulphur. Parts 1 and II. By M. R. Aswa- 
THANAVAYANA Rao. {Gmimunicated by Sir Martin Forster^ F,R,S. — jBc- 
ceived 24 July 1939.) 

Part I 

• 

In chemical literature, sulphur iodide has been stated to have no existence. In 
this |)aper evidence is presented to show that sulphur monoiodi<le is formed in carbon 
tetrachloride solutions, when a dilute solution of sulphur chloride is treated with 
solid potassium iodide. 

A dilute solution of sulphur iodide is yellow in colour. The iodide rapidly decom- 
poses at ordinary temperatures, giving sulphur and iodine. At low temperatures, 
however, the solutions are compeurativoly stable. Light is found to promote the 
decomposition of sulphur Iodide. 

The reaction of sulphur iodide (in carbon totrachloride solutions) with aqueous 
sodium hydroxide is analogous to that of sulphur chloride with alkali. 

Part II 

The velocity of decomposition of sulphur iodide in carbon tetrachloride solution 
has been studied at 0 ^ and at 30**. At 30°, tho velocity of decomposition is four times 
that at 0 ° C. 

With sulphur iodide solutions, a complete absorption for all wave-lengths below 
4770 A° is noticed. Data on the instability of sulphur iodide obtained by the 
analytical methods are confirmed by the speotrosoopio investigationB. 
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Adsorption of lauryl sulphonic acid in the surface of its aqueous solution, 
and the Gibbs theorem. By J. W. MgBain, F.K.S. and Ll. A. Wood. 
(Uec^ivetl 25 July 1939.) 

Otva hmidrod and Roventy-two moosuromontH inodo with the inicrotomo and with 
the intorforomotor methods agree in showing tliat positive adsorption occurs in the 
surface of all diluto solutions of aqueous lauryl sulphonic acid. A similar result 
follows from dynamic tneoHun^ments and from inoasuromonts with sodium butyl 
benzene sulphonate and butyl bonzono sulphonic acid. No time effect is observable 
after the first few minutes. 

The surface tmision of solutions of lauryl sulphonic acid changes over long {leriofls 
of time extending to hours or days. 

Since the surface tension is at a minimum in (>'0062 n lauryl sulphonic acid* the 
Gibbs theorem would predict zero odsoiption followed by negative adsorption. 
Similar predictions would follow for all the numerous instances of typo III curves 
whore m extreme dilution the surfacu tension is lowered to a fraction of that of water, 
thereafter passing through a minimum or remaining constant. 

It is suggested that the initial equation in the Gibbs derivation does not completely 
enumerate all the forms of energy actually involved. 


The reaction between type II Pneumococcus antiserum and a glucuronide 
azo-proteln. By B. Woolf. {Communicated by «/. B. 8. Haldane^ F,R,S . — 
Received 26 July 1939.) 

An amino derivative of the natural glucuronide, euxanthic acid, was preparod 
and coupled by the azo-link to proteins. 
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These azo-proteina gave precipitates with type 11 Pmumocaccua antiserum, which 
wore inhibited by glucuronides. The effect of varying aKO-protein/serum ratio on 
the amotmt and composition of the precipitate was similar to the effect of varying 
polysaooharido/ratio on the precipitate formed when the specific polysaccharide is 
added to the serum. 

Attempts to immunize rabbits and mice with amino-ouxanthic acid azo-protein 
were not successful. 

Chemical estimations and animal protection experiments indicated that the 
material precipitated by the ozo -protein from the serum was part of the antibody to 
typo II Pneuvfwcoccus, 

These results support the view that at any rate part of the specificity of type 11 
serum for the typo polysaccharide is due to glucuronic acid or some closely similar 
grouping. 


Quantitative studies on the effect of haptenes on the reaction between 
antigens and antibodies. By B. Woolf. (Cmnmunicated by J. B. 8. 
Haldmte, F.R.8,- -Received 26 July 1939.) 

Quantitative studies on the inhibition by liaptenos of the antigen-antibody 
precipitate have boon made on throe systems : (i) Pnetmococcua typo II polysaocharido 
and typo II antiserum, with sodium euxanthate as inhibitor; (ii) partially hydrolysed 
cherry gum and type II Pneumococcus antiserum, with sodium euxanthate as 
inhibitor; (iii) atoxyl-azo-ogg albumin and atoxyl-azo -globulin antiserum, with 
atoxyl as inhibitor. 

In all three systems the inhibition by a given concentration of haptene varied very 
little over a wide range of antigon/antibody ratios. While the amoimt of precipitate 
depends mainly on the total amounts of antigen and antibody, varying little with 
dilution, the degree of inhibition depends on the concentration and not the total 
amount of haptene. 

In system (i) there was only partial inhibition even with high oonoentrations of 
haptene. The concentration of haptone required to give half the maximum effect was 
about 16 times os great as in system (ii). In system (iii), the ratio of antibody to 
azo-protoin in the precipitate is lowered by the presence of haptene. There are wide 
variations in sera from different rabbits in the conoentration of haptene required to 
give the same degree of inhibition. 

The bearing of those results on the nature of the action between antigen and 
antibody is discussed. 


The molecular fields of carbon dioxide and nitrous oxide. By R. E. 
Bastick, H. R, Hbath and T. L. Ibbs. {Communicated by M. L. Oliphantj 
F,R,8, — Received 28 July 1939.) 

Measurements of thermal diffusion in mixtures oontoiniog nitrous oxide have been 
made between room temperature and about 300® C, which show that there is a sharp 
change in the nature of the molecular field of this gas at about 120® C. This conclusion 
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is supported by visoosity moasuromontB. Further thermal diffusion experiments 
have been made on oarbon dioxide which support our previous conclusion that there 
is a similar anomaly in the field at about 145^ C. 


Experiments on the transmutation of fluorine by deuterons. By J. C. 

Bower and W. K. Buroham. {Ccmmunicated by J. D, Cockcroft, F,R,S , — 
Received 28 July 1930.) 

The emission of protons from fluorine under bombardment by deuterons of 
0'8xl0*eV energy lias been studied by means of an expansion chamber. Five 
groups of protons of ranges 13*0, 18*8, 21*0, 24*2 and 31*0 cm. have been found and 
from the energy values of those groups it is concliidod tliat excitation levels at 
0*7, 1*0, 1*36 and 1*9 x 10® oV above the ground state oxist in the radioactive *®F 
nucleus. From the energy of the 31 cm. group a value of 20*0063 is deduced for the 
mass of radioactive *®F. An energy rcloase of 7*0 x 10® eV is then‘fort5 to be expectiMl 
in the y? decay of ®®F to *®Ne, anil the disagreement between this value and the 
observed /7-ray end point of 6*2 x 10® oV has boon partially reconeileil by the ob- 
servation that a radioactive omission of y-ray« of 2*2 x 10® eV energy accompanies 
the fi emission. The origin of this y radiation is discussed in teiins of the level system 
of ®®No. It is shown that the experimental results do not 8ui)port the original th(^ury 
of Bethe, Hoyle and Peierls concerning tho comi>lexity of the /J-ray spectrum of ‘^F. 

A new transmutation of the carbon isotope by deuterons has boon detected. 


The equilibrium of grains as they lie on the bed of a flowing stream. By 

C. M. White. (Communicated by O, /. Taylor, F.R,S, — Receiv€4l 1 August 
1939.) 

Local turbulence, largo scale turbulence, tlie packing of the grains, and their angle 
of surface repose are shown to be important variables. 

New kinds of €»xporiments to separate the several actions or*' dt^scribed. 

Koiimled sand grains, subjected to the steady drag of a viscous fluid applied to 
their upper parts begin to move when 

7 = 0'lSp'yk tan 

when r is the average shear stress to start motion, p' is tho density of the grain 
less that of the fluid, k is tho grain diamoter, and 0 is tho angle of surfaco repose. 
This would be valid also if the force were steadily applied by an inviscid Hciid in the 
particular oaae when, as they usually are, tho centres of grains in the top layer are 
1-76A; apart. 

Wall turbulence, and tho large scalo turbulence of parutJel ohamiels, each halve 
the above value; acting together they divide it by four. In diverging channels, large 
scale turbulence may move the grains when tho average drag is 7.oro ; in converging 
channels the extra drag is ofTset by the absence of large scale turbulence. Tho experi- 
ments extended over the range 0*04 < V^klv< 1300. In an appendix the drag of flat 
plates is calculated and oom|>ared with an experiment for certain simple boundary 
layer conditions. 
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The repulelve forces between Isotopic molecules. By R. P. Bell. (Com- 
municated by C. N. Hinahdwood, FJtJi, — Received 2 Augiut 1039.) 

It iH pointed out that the charge dietribution in a diatomic molecule will be a 
function of the zero -point energy of the nuclear vibrutLon, and hence that the forces 
of attraction and repulsion between two such molecules will depend on the nuclear 
masses. In the case of the roulomb repulsion the magnitude of this effoct is estimated 
by the quantitative treatment of a simple model. Calculated numerical data are given 
wliich indicate that this eifoct of the nuclear moss shoulil Iwul to a measurable 
differenco lietwecn the second virial cooflloients of hydrogen and deuterium, though 
there are several other factors which would also contribute to the obsepvwl difference. 


The lipochromes and sterols of the algal classes. By P. W. Cartkr, 
I. M, Hkilbron, F.R.S. and B. Lythook. (Received 4 Atigwi 1939.) 

An examination has been made of the specific lijiochromo pigments and siorols 
present in reprt^Hcntativo members from seven of the eleven olasscw of the algae. 
Fresh material, free from symbiotic and epiphytic algae, has bfien used throughout. 
The uniformity of pigmentation implied in the classification of the algae is borne out 
by the present work, this being most marked in the Phoeophycoao. Th*» higher orders 
of this class differ from all other classes of algae in the absence of xanthophyll and 
without exception synthesize carot.(me and fucoxanthin. The pnisenee of fucostc^rol 
alone is also characteristic of thc^ class. The Chlorophyceae rosomble the higher plants 
closely in their synthesis of (sarotonoid pigtrumts emd sterols, but here ^iygnema 
pectincUum is exceptional in synthesizing fucoxanthin and Vaucheriu tuimatn in 
fonning violaxanthin. Chemically the ilacillariophyceao and the ChryHophyc.oae are 
found to show a close* relationship t.o the more primitive orders f>f tho Phaeophycooo 
while the Xanthophyceae approximate to the Clilorophyceae. The Rhodophyceao all 
contain carotene^ and lutein in addition to the water soluble chroinopruteins, but in 
the primitive orders there is no evidence of the presenc.i^ of the (*pi phasic myxoxanthin 
which is characteristic of the Myxophycoai^ Polypi phofbia niyreacena is an exceptional 
red alga in synthesizing fucoxanthin (and fucosterol) in addition to carotene and 
lutein. The absence of stt^rols from the Myxophyoeae may bo correlated with the lack 
of sexuality in the class. 

No habitat differences could be detected nor any variation in the haploid and 
diploid phases of the life-cycle. 


The yff-radiatlons of uranium and uranium By J. 8. Ma^ksuaix. 
(Communicated by W. L, Bragg, F.RB. — Received 6 A'uuguat 1939.) 

Tho distribution with momentum of the y^-rays of uranium X has been investigated, 
first using a cloud chamber with particular regard to momentum values below 
Hp 2000 (280 keV), and then using a magnetic spectrometer to determine the 
distribution above that value. 
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Evidenoe has been obtained that the /f-rays of f/X, extend at least to Up 1950 
(266 keV). This value taken as an end-point gives a point on the Sargent diagram 
well to the right of the curve of allowed transitions. This fact suggests interpretation 
in terms of partial spectra, an interpretation to which the shape of the cloud chamber 
distribution is amenable. Fermi distributions witli end-points at 130 and 300 keV 
(Yip 1300 and 2100) and areas in the ratio 4 to 6 have boon fitted. 

Tlio spectrometer measurements have revealed a /?-riiy lino at Wp 3600 (686 keV), 
intensity 0-0036 ± 0*0004 per disintegration, indicating the presence of a )ff-ray of 
energy 802 keV. From unpublished meusim^monts by J. A. (Iray, the intensity of 
this y?-ray has been taken timtativoly os 0*05 quanta per diHintegratiun, Witli this 
supporting evidence, the eontinuoim distribution for the UX^ /f-rays is interpreted, 
above Up 3000 (626 koV), as formed by two partial sp^stra of the Fermi type, one 
containing about 95% of the intensity and exUmdiug to Hp 0300 (2*32 MeV, this 
value being taken from Waid and (Iray 1937), and the other with about 6 % of the 
total intonsity, exte^nding to Hp 6650 (1*52 MeV). The y-ray intensity and the 
strength of the y?-ray line give an internal conversion coefficient for the y-ray of about 
0-07. 

The energy of the y-ray agn^^s sufficiently well with the energy of one of the y-rays 
of UZ, according to Feather and Ui'etscher (1938). Thin constituti'a added evidence 
for the iflomerisin of the nuclei UX^ and LfZ, 


Auger and secondary X-ray electrons from gold. By R. L. Mavo and 
H. R, Robinson, F.R.S. (Received 9 Av<jmt 19,39.) 

Measurements liave been iniule, m the magnetic spectrograph, of the energies and 
approximate relative intensitieH of the Auger electrons emitted by gold atoms which 
have been ionized m their L levels. Mat^^rial is obtained for a direct comparison of 
these energies with the energies of the X-ray electrons exindlcd by primary gold 
radiations from normal gold atoms. The analysis is liowevor incomplete, and more 
powerful rnetliods will be riHpiired to elucidate tbo complete Auger sjXDCtrum. 

A new value of hje has been deduced from the n^snlts of the meusimmients on the 
X-ray electron groups. 


Development in vitro of the mammalian gonad. II. The effect of sub- 
normal temperatures on the differentiation and survival of embryonic 
and infantile rat and mouse ovaries. By P. N. IVIabtinovitch. (Com- 
municoJled by F. H, A. Marshall, F,R.S. — Received 10 Avgust 1939.) 

The effect of cultivating rat and mouse ovaries at subnormal tom]K)ratures has 
been studied. 

The explanted ovaries thrive much better at 34® C than at 37® C. They survive 
longer, differoiitiate better and show less necrosis. Thus infantile mouse ovaries 
incubated at 34® C survived for as long os 80 days and germ cells persisted throughout 
this period. Control cultures incubated at 37® C never survived longer than 30-40 
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days. During the first two months' cultivation at 34° C, relays of germ cells enlarged, 
attained the normal maximum size and sometiines passed into the metapliase of the 
first maturation division. 

Infantile rat ovaries incubated at 34° C remained healthy after 103 days m vUro 
and contained nonnal residual ova at the end of this period, whilst controls at 37° C 
degenerated after 60-70 days. 

Embryonic motiso ovaries incubated at 32° C developed Ivm well and showed more 
degeneration than those kept at 34° C. indicating that the optimum temperature for 
the survival of mouse ovaries in nitro is about 34“ C. 


The suppression of meiosis and the origin of diplochromosomes. By 

H. N. Barber. {Communicaied by Sir Daniel Hally F,R.S,- -Received 
11 A'uguai 1930.) 

Heating aftiT pachytene lias no effect on the frequency or proximal localization of 
chiasinata in the pollen mother-cells of FriiiUarta meUagria. 

Continued high tem|>eratiirtis during the moiotic divisions have two effects : (a) the 
separation <»f the chromosomes is followed by the development of a restitution nucleus 
giving diploid or tetraploid pollen grains with normal chromosomes; (fc) the ineiotic 
nuclear divisions are completely suppressed, so that a diplottme nucleus lapses directly 
into a pollen grain resting nucleus. The pollen grain chromatid division takes place 
to give, at the inetaphase of the pollen grain mitosis, diplochrornosorne bivalents 
consisting of eight chromatids. 

The diplobivalents retain the chiasma structure of the meiotics bivalents except 
two chromatids replace one. 

Each chromatid in a diplobivalent has a simple mitotic coil and is coiled in- 
dependently of the others. There is no well-defined attraction in pairs, each arm 
consisting of two parallel chromatiils at full motaphaso. Thus joint coiling of the 
major spirab is a condition of the retention of the arrangement of chromatids in 
pairs at fiist metaphase of meiosis. 

Each half diplobivalent has a single centromere with the four chromatids passing 
through it. Tho centromeres orientate si^paratoly. Thus the co-orientation of centro- 
meres at mooisis dejxsnds on the internal structure of tlie centromere, not on chiasma 
formation. 

At anaphase two successive ilivisions take place in tho centromere. The first 
separates tho products of the {lachyteno division; the second the products of the 
pollen grain resting stage division. The mitosis will thus give two tetraploid daughter- 
nuclei with normal chromosomes. They will differ by the segregation of the products 
of crossing over at tho suppressed meiosis. 


The friction of iubricated metals. By F. P. Bowden and L. Leben, 
(Communicated by O, I. Taylor y F,R,S. — Received 11 August 1939.) 

An analysis has been made of the kinetic friction between metals sliding under 
conditions of boundary lubrication. With mineral oils and many other lubricants an 
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intomiittont clutching and breaking away of the surfaces still occurs through the oil 
film. The friction, the surface temperature and the areii of contact all show violent 
fluctuations and the In^haviour may be essentially the same as with unlubrioated 
metals. Certain substances, however, etre able to prevent this ‘‘stiok*slip" motion 
and allow continuous sliding to take place. With short cham fatty acids, for example, 
the motion is stick-slip”, but when the chain roaches a certain length continuous 
sliding occurs. Alcohols and saturated hydrociorbons of the same, or longer, chain 
length do not cause continuous sliding. Kven with the best lubricant the film breaks 
down to some extent during sliding and some wear of the surfaces takes place. The 
metal is tom to a depth which is large compared with the dimensions of a molooule. 
The frictional force l>etween lubricated metals must therefore bo greatly influimced 
by the bulk properties of the motali} concerned. 

The frictional behaviour of metallic surfaces covered with successive monolayers 
of lubricant has also been investigated. A single layer can cause a large reduction in 
the friction but the film is soon worn away. With multilayers the rate at which tho 
film wears off is markedly dependent on its molecular thickness and methods are 
described for measuring the rato of wear of lubricant films. A single film of long chain 
fatty acid molecules is more offoctive thtui a single film of tho flat loaf-shaped cholesterol 
molecule. 

It is clear that a primary film is not sufficient, but that for effective boundary 
lubrication it is necessary to have present a layer of lubricant several molooulos thick. 
Tho experiments show that boundary lubrication cannot be regardcMi as a purely 
surface phenomenon. 

On the basis of those experiments a theory has been put forward to explain boundary 
lubrication. In general it appears that oven with lubricated surfaces tho local pressures 
ill the region of contact are very high, so that the lubricant film between tho surfacos 
is portly broken down. If thi^ sliding speeds are appreciable, this breakdown is sided 
by the local high temperature. Metiillic junctions, tho size of which is largo compared 
with the dimensions of a molecule, are formed between tho surfaces. There will of 
course be some resistance duo to the interaction of the surface films themselves but, 
under many conditions of sliding, the resistance to motion is due mainly to the force 
necessary to break the junctions. Tho friotional behaviour of boundary lubricated 
surfacos is therefore largely governed by the extent to which the lubricant film brooks 
down during sliding. 
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The scattering of mesotrons in metel plates. By J. G'. Wilson. {Com- 
municated by P. M. 8. Blackett, FJt.S. — Received 14 Auguat 1030.) 

An extended series of aoourate measurements of the scattering of mesotrons is 
described. These are in general agreement with our earlier measurements^ and 
confirm within the accuracy of the experiment (about 4%) the theoretical value 
given by Williams ( 1939 ) for multiple Coulomb scattering. 

Theory shows that the scattering by a finite nucleus should be about 10 % less 
than that by a point nucleus. The experimental results* which have an accuracy of 
about 4%, definitely confirm the lower value and so can bo considered as giving 
evidence as to the correctness of the scattering theory as applied to a finite nucleus. 

The evidence for the existence of large-angle scattering due to short-range forces 
between mesotrons and nuclear heavy particles (protons and neutrons) is discussed. 
The cross-section for this type of scattering is estimated to be of the order 10"** cm.*, 
and this value is in agreement with that given by Bhabha for a ‘"classical'* mesotron 
theory. 

There is no experimental evidence for the large increase of scattering due to 
short-range forces at low mesotron energies given in the quantum mechanical treat- 
ment due to Heitler. For the available mesotrons of lowest energy, the cross-section 
is found to be less than 10 "*^ cm.*. This result is not c<nnpatiblo with the present 
development of mesotron theory, and may be interpreted as indicating a failure in 
the treatment of the charge exchange which leads to the interaction between charged 
mesotrons and heavy particles. 


r o 1 
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The photodlsintegration of the deuteron in the meeon theory. By H. 
FBdHUCB, W. Hbitlbb and B. Kahn. {Communieaited by J. D. Coekeroft, 
F.R.8. — Received 14 AvgvM 1939.) 

We have calculated the photoelectric effect of the deuteron on grounds of the 
meeon theory of nuclear forces. In this theory the nuclear field is considered as 
electrically charged* and consequently the light quantum can act on the nuclear 
field as well as on the proton. Because of the small mass of the meson, this effect 
is large. For the calculation we have assumed for the ground state of the deuteron 
a *S state. The result is that at high frequencies v the oross-seotion is much larger 
than in the old theory, and decreases only like l/r* as compared with the law 
in the Bethe-Peierls theory. Also the angular distribution is different. In addition 
to the Bin*0 distribution about the direction of the y>ray, there is a ^-inilependent 
term which becomes increasingly important for increasing energies. For the Li 
y-rays (17 MeV), for instance, the cross-section is seven times larger than in the old 
theory and the ratio of the number of protons emitted parallel to the y-ray to that 
emitted perpendicular to it is 0*7. 


The absorption spectra of ethylene* deutero -ethylene and some alkyl- 
substituted ethylenes in the vacuum ultra-violet. By W. C. Price and 
W. T. Tuttb. {Communicated by R. 0. W. Norriah, FM,S. — Received 
14 August 1039.) 

The absorption spectra of C1K4, CsD4 and C1H3D have been investigated in the 
region 2000-1000 A. The spectra are interpreted as arising from the excitation and 
photoionization of the electrons of the double bond. The ionization potential 
obtained by the extrapolation of successive excited states in Rydberg series is 
10*45 V probably accurate to 0*03 V. The spectra of (a) propylene, (6) butene -2- 
(trans) and cyclohexene, (c) trimethyl ethylene, (d) tetramethyl ethylene, are shifted 
progressively to long wavelengths corresponding to reduction of their ionization 
potentials to (a) 0*6 V, (b) 0*2 V, (e) ~8*75V and (d) ^8*3 V. This is probably a 
charge transfer or inductive effect brought about by the additional alkyl groups. 

The spectrum of cis-dichloro-ethylene is discussed and its low ionization potential 
of 0-6 V is attributed to resonance to ionic states similar to those posttilated to explain 
the ortho-para substituting properties in the phenyl halides. The value 11-3 V obtained 
for trans-dichloroethylene by Mahnoke and Noyes is attributed to a non-bonding 
•‘jMr”Cl electron. 


The absorption spectra of conjugated dienes in the vacuum ultra-violet. 

By W. C. Prick and A. D. Walsh. (CommunictUed by R, 0, W, Norriaht 
RR,8.— Received 14 August 1939.) 

The absorption spectra of butadiene, isoprene, )^-dimethyl butadiene and ohloro- 
prene have been investigated in the region 2500-1000 A. They are all very similar. 
The first strong bands appear as short diffuse progressions involving the C=C 



Abstracts of Papers S 103 

vibrational ftequenoy but no vibrational structure is observed in the bands below 
1600 A. The latter are interpreted as vibrationless electronic transitions converging 
to the first photoionization limit jflxt “mobile** electrons. The extrapolation 

of Buooeesively excited states in Rydberg series gives the following very accurate 
values of the molecular ionization potentials: — butadiene: 0*02 V ; isoprene: 8-81 V; 
^•dimethyl butadiene: 8-67 V; chloroprene: 8-79 V. 

The diminution in the ionization potential with alkyl substitution is interpreted 
as a simple inductive effect. The diminution in chloroprene involves the mesomeric 
as well as the inductive effect. The non-appeeuanoe of vibration bands accompanying 
the Rydberg transitions is a direct result of the resonance. As the electron is shared 
between two bonds, its removal has only one-baif the effect on each and this is 
apparently inadequate to cause the appearance of vibrational bands. Attempts are 
made to evaluate the resonance integral from various features of the spectra and 
from the ionization potentials. It is pointed out that the main difficulty with 
Mulliken’s interpretation of the strong* bands of the dienes (also that of Sklar’s 
for benzene, etc.) is that the shorter wavelength transitions aro interpreted as being 
the more strongly antibonding. The reverse is observed to be the case as judged 
from the vibration frequencies appearing in the spectra. 


Investigations of infra-red spectra (2*5-7-5|i>~absorption of water. By 

J. J. Fox and A. E. Martin. {Communicated by Sir Robert Robertson, 
F.R.8. — Received 15 August 1939.) 

The absorption spectrum of water in the form of gas, liquid, solid, and in solution 
in carbon tetrachloride has been investigatcfl in the region 2*&<'7'6 fi. 

In the liquid and solid the bands at 3, 4*7, and 6 have been studied, and their 
variation with temperature in the liquid determined. The 3 fi band moves to higher 
frequencies as the temperature increases, while the 4*7 and 6/t bands move in the 
opposite direction. This behaviour is attributed to hydrogen bonds between water 
molecules reducing the OH valency frequencies but increasing the angular deforma- 
tion frequency by reason of the constraints imposed by the surrounding molecules. 
Since the hydrogen bonds are at their strongest in ice and become progressively 
weaker when ice melts and the temperature of the water is raised, we expect to find 
the frequencies in the order ice- water at 0^ C, water at 100** C, vapour in accordance 
with the observations. The 4*7 /c band is a combination of the deformation frequency 
and the frequency of hindered rotation about 500 cm.-', which has previously 
been observed both in the Raman and infra-red spectra; its large temperature 
variation is due to the rapid diminution of with rise of temperature until finally 
it vanishes in the vapour state. 

The absorption of water in carbon tetrachloride about 2*7 has been studied and 
the results of Rodebush ef al. confirmed, except that the suggestion of rotational 
structure reported by these workers could not be substantiated. Our values for the 
valency vilmtion frequencies are 3705 and 8641 om."^, and are 40-50 cm. less 
than the corresponding vapour values. A rapid method of eliminating water from 
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carbon tetraohlorido (and some other solvents and solutions) is described# and a 
value obtained for the solubility of water in carbon tetraohlorkle. 

Water vapour was examined in the region of 2*7 fi and it was found that the 
maximum vcdue of the molecular extinction coefficient is only about 3 as oompcured 
with 35 for a solution in carbon tetrachloride# 55 for liquid water, and 120 for ice. 
The increase of intensity of absorption on association is thus very marked. 

It is well known that there is a discrepancy between the Raman frequency 3654 
(I't) and the value of 3605 deduced from infra-red data; it is shown to be due to the 
fact that while Bonner's relationship between the fundamental and combination 
frequendea is a good approximation# it is not exact enough to give a reliable value 
for r,. 

Some of the more important combination bands of liquid water are considered 
in relation to the vapour frequencies# and a law similar to that used by Bonner for 
the vapour frequencies appears to hold for the liquid. In each case the frequency 
in the liquid is lower than in the vapour# and so the observed shift to higher fre- 
quencies with rise of temperature naturally follows. 

The structure of liquid water from the point of view of its infra-red spectrum is 
briefly discussed. 


The Egyptian exploration of the Red Sea. By A. F. Mohamed. (Com 
municcUed by J. Prvudman, F.R.8, — Received 17 August 1939.) 

An account is given of some of the more outstanding results of a preliminary 
Egyptian Expedition sent to the northern Red Sea in the winter of 1934-5. The 
important features of the hydrography of the area investigated such as the origin 
of bottom water in the northern Red Sea# the water movements through the Strait 
of Tiran# the adiabatic temperature changes at great deptlis in the Qulf of Aqaba# 
the thermal regime of the Qulf of Suez and the nature of circulation in the Red Sea 
are described. The chemical observations have revealed the presence of a maximum 
phosphate layer at intermediate depths in the Red Sea; but at these depths the 
oxygen concentration as well as the pH is at its minimum. Tlie anetlysis data of 
thirty-eight bottom samples collected from the northern Red Sea and its adjoining 
gulis suggest that the environment conditions of sedimentation are different in each 
of the three main regions investigated. 


Critical and oo-operatiye phenomena. V* Specific heats of solids and 
liquids. By A. F, Dsvonshies. (Communicated by J. E. Lennard- Jones, 
F,R,S. — Received 18 Avgust 1939.) 

Specific he^ of simple substances in the liquid or solid phase have been calculated 
in terms o^^^he intermoleoular forces. Comparison is made with the experimental 
values fociifcrypton and argon# and fair agreement is obtained. Calculations are abo 
made Qjtwermal expansion and compressibility. 
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The origin of the larval kldnoya of the Stylommatophora. By W. 

Fabnando. {CcmmunkaUd by E . W. MacBride, F.R.8.— Received 22 
Ai$guat 1939.) 

The mesodermal bands are developed from tlie mother cell of the mesoderm. From 
the mesodermal bands differentiate the rudiments of the larval kidneys in AchaHna^ 
Qleeeula and Opeaa. 

In AehaUna this mesodermal rudiment isolates from the remainder of the mesoderm 
and develops a lumen inside. An ectodermal invagination later unites with the 
mesoderm and a tubular larval kidney restdts, opening at one end to the exterior. 
In OleeauJa the isolation of the mesodermal rudiment is less marked than in Achaiina, 
but subsequent development is the same. In Opeas the mesodermal rudiment of the 
larval kidney is differentiated at a very early stage while still in contact with thi^ 
rest of the mesodermal band. The ectodermal invagination also develops very early 
but the imion of the two portions takes place at a later stage. 

The larval kidneys of the Stylommatophora are for the greater part mesodermal, 
only a small portion with the external aperture being formed of ectoderm; the larval 
mesoderm take no part in their formation. 


Some cases of the steady two-dimensional percolation of water through 
ground. By B. Davison and L. Rosenhbad. (Communicated by J. Proudman, 
F.R.S. — Received 22 August 1939.) 

The paper contains a summary of the mathematical theory of two-dimensional 
ground-water motion. It also contains a lemma which in special cases simplifies the 
solution. As examples involving the application of the lemma three oases are con- 
sidered. They are : 

(i) The characteristics of ground-water motion in a broad embankment with 
vertical faces, due allowance being made for evaporation from the free surface or 
water table. In this problem formulae are established for the volumes of fluid 
entering and leaving the embankment in unit time when there is no seepage surface 
and when evaporation takes place over the free surface. A condition is deduoed upon 
which the existence of the seepage surfeMse depends. 

(ii) The characteristios of ground-water motion in the soil outside an irrigation 
dyke of rectangular seotiony the base being horizontal and at a constant height above 
a plane impervious surface. Evaporation is taken into aocoimt. 

Formulae are obtained, expressed in terms of integrals, for the quantity of fluid 
entering the soil in unit time and for the width, at the impervious surface, of the strip 
of soil irrigated by the dyke. 

(iii) The characteristics of ground-water motion in the soil outside a number of 
parallel draining tubes. The equation of the free surface is obtained. 
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The emlnlon epectmm of hydrocarbon flames. By E. C. W. SmTH. 
{Communieaied by A. C. 0. EgerUm, See.B.8. — Beceived 23 AitguH 1939.) 

An examination has been mode of the emission of stationary and explosion flames 
of ethylene in air, enriched air and oxygen, and of the explosion flames of propane 
in air. together with a chemical examination of the condensable products of reaction. 
The explosive limits of these mixtures have also been determined. 

It is suggested that the carbon deposition observed at pressures in excess of some 
critical value with ethylene mixtures may be due to the polymerization of Cg mole- 
cules. It would appear that the “green flame*' regions observed by Townend and 
Chamberlain and by Townend and Hsieh for various ethers and hydrocarbons, are 
determined solely by the stability of the same species. 

It is suggested that the so-called “ethylene flame bands" which also occur in the 
spectra of propane and other hydrocarbon flames are possibly emitted by an isomeric 
formaldehyde molecule, HC.OH. 


Determinations of the Rydberg constants, e/m and the fine structure of 
Ha and Da by means of a reflexion echelon. By tJ. W. Dbinkwatbr, Sir 
O wBN Richardson, F.R.S., and W. E. Wiluams. {Beceived 2'iAn^t 1939.) 

The wave numbers of the main lines of and have been directly determined 
tn vacuo by means of a 40-plate reflexion echelon. The liquid air cooled discharge 
tube containing helium with a small percentage of hydrogen (or deuterium) gave 
approximately the theoretical ratio between the intensities of the “ apparent doublets '* 
over the optimum range of operating conditions, which was investigated. With 
6440*2491 A as the vacuum wavelength of the red cadmium line, the wave number 
of the “centre of intensity" of the main line of is 15,233*067o cm.”* (r.m.s. error 
0*001| cm.*') and the Rydberg constant Rh = 109,677*68, om.-^ (r.m.s. error 
O-Olo cm.-^). For the heavier isotope the corresponding values are 16,237*211, om.~^ 
(r.m.a. error 0*001, cm.“‘) and i?p =s 109,707*42i cm.-*. 

The mass of the electron, using the atomic values of Bainbridge is 

m a (6*486464:0*0006) x 10-* atomic units. 

Taking the Faraday as 9661*31 4:0-80 coulombs we get 

6/m = (1*7691 +0*0004) x 10’ e.m.u./g. 

With s/Afa s 9673*48 we obtain ss 1837*4, and Rqq = 109,737-27, om.~*. 

Seven microphotometer records of D, and four of have been analysed ; denoting 
the components in order of their relAtive intensities and 14 to indicate the centre 
line of the unresolved doublet of the first and fourth component (termed the 
main line) we And 14—2 for = 0*320, cm.-* with a spread of 0-004 cm.-* and 
2 — 3 as 0-119 cm.-* with a spread of about twice the amount. The observed half- 
width values for the second and third components are 0*094 and 0*108 cm. the 
latter being fluently obviously unssrmmetrical. An analysis of the 14 doublet 
places component 4 at 0*04, cm.-^ from component 1. The corresponding values for 
are 0-319, and 0*131y cm.~^ with half-widths of 0*130 and 0-136 om.~^ 

Although these values appear to support Pastemack’s suggestion of a perturbation 

,V,\. 
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of the 2*Sj level, the inoreaBed intensity of the third oomponent coupled with an 
increased half-width, in addition to other evidence, gives us ground for supposing 
that the disorepanoies are caused by molecular lines in this region. We conclude that 
no real evidenoe has yet been obtained to show that the fine structures depart 
substantially from the values calculated from Dirac*s equations. 


The pigmentary eflFector system, IX. The receptor fields of the teleostean 
visual response. By L. Hogbbn, F.R.S., and F. Landorebb. {Received 
24 Avgust 1939.) 

Chromatic behaviour of QaateroBteua is controlled by a humoral and by a nervous 
mechanism. The former alone plays any significant part in the transition to the 
equilibrium condition in darkness. It reinforces nervous control in the transition to 
the equilibrium condition during background reversal with overhead illumination. 

The photoreceptors concerned with the black backgroimd response are located in 
the floor of the retina below the optic nerve, and the photoreceptors concerned with 
the white background response are located in a restricted region in the centre of the 
retina above and below the optic nerve. With respect to colour change the dorsal 
region of the retina is neutral. 

The lens of the eye of Qattteroateua consists of an outer spherical shell and a con- 
centric spherical core. The refractive index of the former, like that of the vitreous 
humour, does not differ significantly from that of water. The core which has a high 
refraotive index in the neighbourhood of 1*5 is the effective refractive constituent 
of the optical system. 

In relation to image formation, we may distinguish three regions of the retina: 
(a) below the optic nerve, a small area where images of extra-aqueous objects are 
focussed; (6) around the optic nerve, a larger region where images of sub-aqueous 
objects are formed; (c) a band of the periphery where only light and shadow are 
registered. 


The reactions of the urinary bladder of the cat under conditions of constant 
volume. By the late J. Mellanby, F.B.S., and C. L. G. Pratt. {Received 
2^ Avgust 1039.) 

Instantaneous change from constant pressure to constant volume conditions 
produces either an isometric contraction or a state of quiescence at zero pressure, 
according to the phase of the isotonic rhythm at which the change is made. The 
isometric contraction may be followed by a state of quiescence at zero pressure for 
an indefinite period, or 1^ a rhythmic series of similar contractions. The bladder 
nearly always relaxes to zero pressure in the intervals between isometric contractions. 
The isometrio contraction differs from an isotonic rhythmic contraction in several 
particulars, which are described. The hydrostatio pressure reached during an iso- 
metric oontractiem may be more than 100 mm. Hg. The isometric contraction is 
probably reflex in nature. 

Under light ohloralose anaesthesia, and in the decerebrate oat, the height of the 
isometric contraction may be accompanied by twitches of the diaphragm, abdominal 
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muscles and limb musdes. Division of the hypogastric nerves does not modify the 
isometric contraction. Stimulation of the periphery end of the out hypogastric 
nerves causes a submaximal isometric contraction* followed by a period of diminished 
excitability. Division of the nervi erigentes abolishes the isometric contraction. 
Stimulation of the peripheral ends of the cut nervi erigentes causes a maximal iso- 
metric contraction. 

Adrenaline produces contraction* after a long latent period* similar to the isometric 
contraction. Acetylcholine produces a prompt contraction* similar to the isometric 
contraction. Atropine abolishes the isometric contraction more readily than it 
destroys the isotonic rhythm. 


Calcium and blood coagulation. By the late J. Mellanby* F.B.S.* and 
C. L. 6 . Pratt. {Received 26 August 1939.) 

The calcium content of fowl serum is the same as that of plasma. Therefore calcium 
does not combine with fibrinogen in the formation of fibrin. 

Calcium has no influence on the rate of coagulation of plasma by thrombase. 
Precipitation of calcium from fowl plasma shows that only 8-9 mg. % may be readily 
precipitated by a soluble oxalate. A great excess of oxalate is required to precipitate 
the remaining calcium. The coagulation of fowl plasma by thrombokinase is pre- 
vented when the calcium readily precipitated by oxalate is removed. A concentration 
of calcium ion of less than 0*3 mg. % is required for the coagulation of fowl plasma by 
thrombokinase. 

The rate of activation of prothrombase by thrombokinase is accelerated by the 
presence of calcium ions. The spontaneous activation of prothrombase in the presence 
of water* acetic acid and oxalic acid, shows that the calcium ion increases the rate of 
the reaction, but is not essential to the reaction. 


Studies in peroxidase action. II. The oxidation of p-toluidene. By 

P. J. G. Mann and B. C. Saunders. (Communicated by Sir William 
Pope, F,R,S, — Received 26 Augtist 1939.) 

The enzyme i)eroxidase derived either from horseradish or turnips readily oxidises 
p-toluidine* at room temperatiire* in the presence of dilute hydrogen peroxide at 
pH 4*5 (dilute acetic acid solution). 

A red coloration is at first produced and then a red-brown solid gradually sepa- 
rates. This has been shown to consist of 6-amino-toluquinone-bia-p-tolylimine, 
6-p-toluidino-toluquinone-bis-p-tolylimine, 4 : 4'-dimethyldiphenylamine* a small 
quantity of 4 : 4'-dimethy]azobenzene and very small quantities of 5-amino-tolu- 
quinone-p-tolylimine* 6-p-toluidino-toluquinone-p-tolylimine and of a substance of 
m.p. 167^. The action of hydrogen peroxide and ferrous sulphate (in place of the 
enayxne) on p-toluidine dissolved in dilute acetic acid is different from the reaction 
described above. 

A convenient form of apparatus for the continuous elution of a chromatogram is 
described. 
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Rfisoiuuioe phenomena in the disintegration of fluorine by protons. By 

W. E. Buboham and S. Dsvons. {Ccmmunkaiad by J. D. Cockcroft^ — 

Received 25 Avguat 1939.) 

An investigation has been made of the short range a-particles emitted from 
fluorine umler proton bombardment. The a-particlea were separated from the 
scattered protons by magnetic deflection. The results confirm the view that the 
resonant y-radiation is emitted from an excited level of ^*0 formed after emission 
of a low energy a-particle. A description is given of some measurements of the widths 
of the resonances for y-radiation. using magnetically resolved beams of protons of 
high homogeneity. The results indicate that the resonances are very narrow in two 
cases examined, and considerably broader in the third. The excitation function for 
the emission of 6*9 cm. a-particles in the reaction + has been 

examined carefully. The excitation function shows resonant featiares superposed 
upon a background which increases with increasing proton energy. A discussion of 
some possible explanations of the resonant phenomena observed is given. 


Experiments on the transmutation of sodium by deuterons. By E. B. M . 

Murrell and C. L. Smith. {Communicated by J, D. Cockcroft, F.R,8 . — 
Received 25 August 1939.) 

The transmutations of sodium under bombardment with deuterons of energy 
0*86 X 10* eV have been investigated in detail. 

The two groups of OE-particles which are emitted, with ranges 5*0 ±0*1 and 3*4 cm., 
are attributed to the process 

wNa-h*H-*.»'Ne-l-«He. 

The energy of the longer range group loads to a value for the mass of '*Na of 
22*0961 ± 0*0003 and the shorter range group indicates the presence of an excitation 
level in the *^Ne nucleus which is calculated to be 1*0 x 10* eV above the ground 
state. 

Four groups of protons were also found to be emitted with ranges of 7*5, 24*0. 
33*4 and 37*8 cm. From the energy of the group of longest range a value of 
23*9976 ± 0*0003 is deduced for the moss of the **Na atom. From the energy values 
of the other groups it is concluded that excitation levels at 0*38, 1*26 and 3*38 x 10* eV 
above the ground state exist in the **Na nucleus. 

The value 23*9913 ± 0*0003 is also deduced for the mass of **Mg. 


The specific heat of superconducting mercuryt indium and thallium. 

By A. D. Miseneb. {Communicated by J, D. Cockcroft, F,R.8, — Received 
25 A^iguat 1939.) 

Thieshold field curves for mercury, indium and thallium were accurately deter- 
mined by a magnetic method down to a temperature of 1*1** K. By least* square 
methods, polynomials were fitted to these curves and from these the speoiflo heat of 
the metals in the superconducting state was calculated using the formulae of Qorter 
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and Caaimir. Tha viduea obtained for thallium agree with the direct determinationa 
of Keeaom and Kok. The epecifilo heat of superoonduoting mercury and thidlium 
varies as that of indium^ aa 2*^. 


The thermal capacity of pure Iron. By J. H, Awbbby and E. GBirFFTHS^ 
F.R.S. (Received 26 Avgust 1939.) 

The apeoiilo heat of very pure iron haa been meaaured by an electrical adiabatic 
method up to nearly 1000*^ C. A sample weighing about 1200 g. was heated by an 
internal heater, and a subsidiary furnace was used to maintain a jacket around the 
specimen at the same temperature as the latter throughout the experiment. There 
was thus no net loss of heat from the specimen and the specific heat was given directly 
by measuring the energy input to the internal heater and the corresponding tempera- 
ture rise. The method was a continuous one, i.e. the internal heater was in action 
throughout a long period, the times at which the specimen passed each of a number of 
temperatures being noted, so aa to obtain a number of points on the specific-heat 
ciuve. 

The specific heat rises gradually from 0*1 13 cal./g./l° C at 50° C to a maximum of 
0*28 at the magnetic point, 755^ C; it then falls again, and subsequently rises as the 
transformation point at 003° C is appitmohed. This **point" is found to be double. 
At 003° C the specific heat is infinite, but after falling to 0*37 it rises again at about 
008° C before finally falling to the value 0*13-0*14 oa1./l° C, which is the value found 
for the high -temperature modification (gamma iron). Tlie heat absorbed at the 
transformation is 3*9 cal./g. 


On the production of Ra E and polonium by deuteron bombardment of 
bismuth. By D. O. Hurst, B. Latham and W. B, Lewis. {Communicated 
by J, D. Cockcroft y F,R.8. — Received 28 August 1939.) 

The Cambridge cyclotron has been used to examine tha reactions occurring when 
bismuth is bombarded with deuterons of energies op to 8*7 MeV. 

The reactions found to take place are the .fbnmtion of Ra £ by a (d, p) process, 
and of Po by a (d, n) process. The Ra E subsequently decays into Po by the emission 
of on electron; with a 5 days* half-life. 

By determining the amounts of Po formed directly, and indirectly, following the 
decay of Ra £, it has been possible to measure the relative yields of the (d, p) and 
(d, n) reactions at various energies of the deuteron. 

The excitation functions for the two reactions have been compared with the 
viduea to be expected on theoretical grounds. 


The equation <i*logy/<ix'«I when 3>>0. By J. Cabsok and L. F. 
Richabdson, F.R.S. {Received 29 Augvet 1939.) 

*01. equation cPlogy/ifa* s 1 — y defines a manifold of periodic fimotions. Certun 
psyohologioal and physiologioal oscillations are represented approximately by 
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pariioular integrabi. The equation arose in connexion with the relaxation oacilla- 
tiona of a neon lamp. The manifold of functions has two parameters, which may be 
taken to be the oo-ordinates a; s a;o, y = O of a particular maximum of y. Alteration 
of merely moves the wave as a rigid shape parallel to the d;-axia, so that for many 
purposes we may take dSo = 0 and regard 0 as the interesting parameter of the family. 
Alteration of Q alters both the wave-form and the wave-length A. 

As G-^l, As G->oo, A-^oo. 

At s 00, A s= 20*28. The wave-form for Q s 100, consists of narrow steep peaks 
separated by broad flat-bottomed valleys; the minimum value of y being 3*8 x 
For smaller values of Q the peaks are less narrow and the valleys not so flat, until as 
0-*-l the wave-form tends to y = l^ecoBX where e->-0. In order to evaluate y[x) 
numerical quadrature has been used. A few numerical tables are given, also a list 
of related problems. 

This family and its connexions seem to form a coterie detached from the common 
tabulated functions. 


The excitation of inner electrons in zinc, cadmium and mercury by 
electron impact. By A. H. Lee. {Cotnmunicated by S. Whiddington, 
F.lt.8, — Received 30 Avgust 1039.) 

Certain analogous ultra-ionization potentials have been observed in zinc, cadmium 
and mercury, while studying the energy losses of electrons in the vapours of these 
elements. In order to explain these U.I.P., all the processes which could give rise to 
them are examined in detail. It appears that none of the processes which were 
formerly found to be responsible for such effects, is adequate in the present case. 
A new process — excitation of an inner electron — thitherto unrecognized in electron 
impact experiments, is shown to be the cause. The analogous U.I.P. correspond to 
analogous trcuisitiona observed by Beutler in the ultra-violet absorption spectra of 
the three elements, and attributed by him to excitation of a d electron in the closed 
shell immediately below the valence shell, resulting in a ^P^ state, in each case. 
(The valence electrons remain in their normal states.) A further U.I.P. in mercury 
is explained in a similar way. 

The observed U.I.P. are abnormally intense for 'Sg-’Pi excitations at the bombard- 
ing voltages used. This anomaly may bo a consequence of the imusual process 
involved. Hence an approximate determination of the excitation function of the 
first “inner" excitation in mercury has been made, and certain features noted. 


An Investigation of cold-worked polycryetaUlne alpha-iron. By L. 

Muiuks and J. W. Bopoebs. {Ctmmunkaied by Sir Harotd Carpenter, 
F.B.8, — Received 1 Repkrnber 1939.) 

A new empirical method of approach to the mechanism of grain breakdown in 
metolB on cold-working is described and applied in an X-ray examination of alpha- 
iron, cold-worked by elongation. 
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The individual refleotiona ftom the graioui d the metal are snioi! 0 |ihotoaket€tfed 
along the per4>hery of the refleotkm rings and these photometer records are analysed 
into the oomponents which arise £r6m the discrete crystal firagmeiits of the defi»xned 
grain, a Gaussian error curve being the basiB of the unit reflection curves used in the 
analysis. 

A survey of the many photometer records analysed showed them broadly divisible 
into four types, corresponding to the reflections from the various types of actual 
disintegration of the metallic grain, representative curves being given. 


Thermal tranaplratlon of a diseociating gas and the modified dlaeodatlon 
formula* By B. N. Srivastava. (Communicated by M, N, Saha^ F.R.S . — 
Received 6 September 1039.) 

In this paper the thermal transpiration of a dissociating gas ia investigated 
theoretically for two chambers maintained at different temperatures and com- 
municating with each other through a narrow opening. It is shown that the oondition 
of thermodynamical equilibrium and the usual transpiration relation for each con- 
stituent cannot both be satisfied simultaneously. An approximate solution of the 
problem ia given which is based on the assumption of thermodynamical equilibrium 
in each chamber. Expressions are deduced for the absolute magnitude as well as 
the ratio of the atomic or molecular concentrations in the two chambers in the 
general case and some limiting oases. 

The problem is treated rigorously from the view-point of a steady state. Ex- 
pressions are worked out showing how the law of mass action suffers modification 
in this case. Expressions are also deduced for the atomic and molecular concentra- 
tions in the two chambers and the modified transpiration relation is stated. Finally 
the relative merits and demerits of both the treatroants are clearly set forth. 


A apectroaoopic Investigation of hydrocarbon flames- By W. M. Vaidya. 
(Communicated by M. N. Sahaj F.R.8. — Received 5 September 1939.) 

The present paper forms part I of a aeries of three papers, describing the results 
obtained in an extensive investigation of the spectra of the flames of carbon com- 
pounds, which was undertaken in order to understand the processes of combustion 
in hydrocarbon flames* The flames of compounds, found by chemists to occur as 
intennediate products in the combustion of main hydrocarbons have also been included 
as also some other flames for comparative purposes. A SmitiieDs flame-separator has 
been used in many oases, so as to facilitate independent observations of the inner and 
outer oonee. 

It has been found that the outer cones of common gas , methane, ethylene, acetylene , 
ether and ethyl alcohol give a eipeotrum identical with the CO flame spectrum. The 
inner cones of all the compounds except formaldehyde and methyl alcohol give in 
general Cg, OH, HO and the ethylene flame bands with varying intensities. Form- 
aldehyde yields only CO flame iqpeotrum while in methyl alcohol ore present CH, HO, 
and the 00 flame bands. 
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Effusion phenomena In relativistic quantum statistics. By D. V. Gooate. 
(C<mmunieaJUdby8wOwenRichatd8on,F.R.8. — Received H8eptember 1030.) 

This paper deals with the phenomenon of the effusion of energy of an ideal gas 
through a narrow orifloe taking account of relativistic quantum statistioa. In $ 1 
non-degenerate matter is considered and the amount of onoigy effusing out per 
second per unit area is calculated. In { 2 the effusion of energy is calculated for a 
completely degenerate gas. degenerate in the sense of Fermi-Dirao statistics. It is 
also shown that in the case of complete degeneracy, tlio same expression holds for 
the rate of effusion of mass throughout the whole region from completely non- 
relativistic to completely relativistic. The results are displas^ graphically in | 3 
to bring out clearly the physical significance of the different fonnulae for the various 
oases of non-degeneracy and degeneracy. 


Relaxation methods applied to engineering problems. V. Conformal 
transformation of a region In plane space. By R. W. 6. Gandy and B. V. 
SouTHWBLL. F.R.S. {Received 14 September 1939.) 

Part in of this series dealt (inter alia) with the application of relaxation methods to 
problems in plane-potential theory. In this paper the problem of conformal trans- 
formation is discus^ as a particular example. 

Orthodox mathematics presents the transformation in an equation of the type 


Abttrsete 
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which exproBsea a one-to-one relation between points in the original and in the 
transformed region; but the equation is of no oonoem to the practical computer 
provided tliat he can construct **mape*’ of which it is the mathematical expression* 
and for this it is only necessary to have a and ft evaluated at nodal points at some 
regular **net'\ Thus the problem from a practical standpoint is to construct the 
a^ft contours. In this paper four oases of common ooourrenoo are treated, and the 
maps’* are reproduced. The accuracy of the calculations in general is greater 
than a drawing can exhibit. 

Some incidental problems call for notice which were not confronted in Part III. 
Thus whereas one of the two conjugate functions a, ft con bo computed by the 
methods given previously, its computed values (being only an approximation to a 
plane-harmonic function) are not in general compatible with a single-valued con- 
jugate. In case (o) we are concerned with a region of infinite extent, and the device 
of ** geometrical inversion’* must bo applied in order to render the problem tractable 
by relaxation methods. For some applications we require values of the ratio 

h=\d{a^ift)/d{x + iy)\ 

at least ns accurate as those of a or fti examples are given to show that the requisite 
acciu’aoy is attainable, use being made (when necessary) of the fact that logh is 
plane-harmonic. 

Tho last problem treated (calculation of the electric capacity of a straight cable 
or condenser) is in ossenoe an example of conformal transformation but can be solved 
when only one of a, ft has been computed. It does not demand construction of the 
a*ft map. 


Structure and thermal properties associated with some hydrogen bonds 
in crystals. III. Further examples of the Isotope effect. By A. R. 

Ubbblohdb. {Communicated by Sir WiUiam Bragg, PM.S, — Received 
20 Seyiember 1939.) 

The effect on the lattice spaoings of substituting deuterium for hydrogen has been 
investigated for pontaerythritol, CuS045Hs0, SrCl|0HsO, fumaric acid, KH1PO4, 
NaHS04, urea and KUF|, Tlie main conclusion is that when the crystal structure 
contains hydroxyl bonds tho isotope effect is small, and when it contains hydrogen 
bonds there is a marked expansion, which disturbs the lattice sufficiently to lead to the 
separation of potassium phosphate in a new crystal structure. The effect for potassium 
hydrogen fluorido does not suggest a short hydrogen bond in this compound. Short 
hydrogen bonds seem to require special resonance forces for their explcmation. 


The phosphorolyals of starch by an enzyme system from pea seeds. By 

Chablbs S. Hanbs, ((7oinmunica^ by F, F. Blackman, F.RB. — Received 
2 September 1939.) 

An investigation of a system of enzymes from pea seeds which catalyses the 
formation of hexose-phosphates from starch, various dextrins, and maltose is 
described. 
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Th6 flnt recognizable step in the process is the formation of gluoose-l -phosphate 
which has been isolated in the form of the crystalline potassium salt. Evidence is 
advanced supporting the conception that this ester is formed as the result of a process 
of direct phosphorolytio cleavage of terminal glucose imits from the non-aldehydic 
ends of the chain molecules of the substrate. 

This prinuury conversion of starch into glucose- 1-phosphate is shown to be a 
reversible reaction, catalysed in both directions by an enzyme which has been termed 
phosphorylase. 

Glucose- 1 -phosphate takes part in an alternative reaction, catalysed by the 
phosphogluoose conversion system, in which it is converted into reducing hexose- 
monophosphates. 

Finally, in non-dialysed extracts, fructose-diphosphate is fonnixl. 


The chrotnatlc behaviour of the eel. By H. Wartno. (Communicated by 
If. Hogben, F.R,8. — Received 14 September 1939.) 

There is a dominant bi-humoral control of the dermal melanophores of the eel. 
The expanding hormone is localized in the posterior lobe of the pituitary; the 
oontracting hormone W’* is localized in the anterior half of the pituitary. ** B" is 
built up quickly and excreted quickly; “W** is built up slowly and excreted slowly. 

There is direct innervation of the melanophores. The tune relations of the natural 
responeoB show that it has no signihoance in the behaviour of normal animals. It can 
only be distinguished in the absence of Release from nervous control might lie 
expected to show itself in the transition from a white illuminated ground to darkness, 
but the normal behaviour is dominated by the slow excretion of W*\ 

The results of this investigation support the general hypothesis of chromatic 
co-ordination outlined by Hogben and Landgrebe. 


The fine structure of phloem fibres in untreated and treated hemp. By 

B. C. Kundu and R. D. Preston, (Communicated by V, H, Blackman, 
F.RB. — Received 21 September 1939.) 

During recent years many investigations of wall structure have been based on the 
use of swelling agents. While it is not to be denied that observations of swollen 
material are useful in some respects, it is the aim of the present paper to show that 
extreme care must be taken in the deduction from them of the nature of the intact 
wall. Several methods lead to the conclusion that in the hemp fibre the wall is 
composed of cellulose chains running almost longitudinally; oven the tenuous outer 
layers do not deviate considerably from this orientation. On the other hand, the 
direction of cellulose chains in the swollen walls depends on a number of factors, 
including the nature of the swollmg treatment, the distribution in the wall of the 
'^inorusting substances**, and the chain direction in the wall before swelling. It 
appears to be a general rule that the greater the swelling, the more inclined to the 
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longitudinal the oeUtdoae ohidna become, and thia effect becomes the more mariced 
as the material is leas carefully manipulated. The presence of an internal layer, with 
sli^t response to swelling agents, leads to the appearance of internal fibrils which 
retain their longitudinal orientation. This combination, inoneswoUen wall, of cellulose 
cdiains running in difforent directions, which is dearly an artefoot due to swelling, 
is responsible for the erroneous oonoeption of the intact wall as built on similar lines. 
It seems certain that this efibot of sweUing may be even more marked with other 
types of cell. 

The phenomenon of ballooning ’* is to be explained in terms of the chemical nature 
of the various wall layers ; there is no need to invoke the presence in an outer layer 
of cellulose chains oriented transversely. The outer highly lignified layer is much 
more resistant to swelling than is the central layer and, upon rapid swelling of this 
latter layer, becomes fractured along a steep spiral line, coincident with the direction 
of the celluloso chains. Further swelling causes this spiral to be flattened imtil it 
assumes the form of transversely oriented fibrils. This appearance again is clearly 
an artefact. A phenomenon resembling the well-known '^ohemioal sectioning" also 
receives explanation on similar lines. Resistanoe to swelling may be due either to 
high lignin content (outer wall layer) or to the precise configuration of the cellulose 
itself (inner wall layer). 

In the interpretation of swelling phenomena, the greatest care must be taken in 
observing the changes which occur during the swelling process. In hemp there is 
nowhere the slightest evidence that in any layer the cellulose chains run in a direction 
very different from those composing the bulk of the wall. 


The lattice apaclaga of the primary solid aolutlona of silver, cadmium and 
Indium in magnesium. By G. V. Raynob. {Communicated by W. Hume- 
Rothery, F.R.S. — Received 27 Septemher 1939.) 

Accurate measurements have been made of the lattice spaoings of the primary solid 
solutions of silver, cadmium and indium in magnesium. At equiatomio compositions, 
decreasing the valency of the solute increases the lattice distortion in the ba^ plane. 
In dilute solution, indium, cadmium and silver contract the "a" parameter by 
amounts proportional to 1:2:5 respectively, while the volume of the unit cell is 
oontracted by amounts proportional to 1:3:9 respectively. The "a" parameter 
fkotors may be expressed as 1 + (3— valency)* and the volume factors as 
1 + 3 (3- valency)*. There is no such regularity for the "e" parameters. The results 
may be interpreted qualitatively in terms of the Brillouin zone theory of metals. 


The molecular spectrum of iodine excited by fluorescence in the presence 
of nitrogen and by active nitrogen. By A. Eluott. {CommuniaRed by 
8. A. Milner t F.R.S. — Received 28 SejAemher 1939.) 

The fluoresqsnoe speotrum of iodine vapour in the presenoe of nitrogen at 1 aim. 
pressure has been photographed. The spectrum contains four separate band systems: 
A vibrational analysis has been carried out for two of these systems, one of which is 
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oAflnreftmdtOMthe “oontinuum** 3485,uidwhiohi8diieto« tranaitioii. 

aCfeot of vsiying nitrogen preaeures on the intensitieo of the bende haa been 
examined. 

The qieotnim of iodine vapour ezoited by active nitrogen haa been photographed 
and compared with the fluorescence spectra of iodine vapour in the presence of 
nitrogen. 


The properties of parama^etlc salts at low temperature. By J. Sauer 
and H. N. V. Tbmperley. (Communicated by S, //. i^otoZcr, F.R.8. — Re- 
ceived 29 September 1939.) 

An attempt is ihade to examine theoretically the properties of paramagnetic salts 
at very low temperatures. The model taken is a lattice of freely suspended small 
magnets, but mathematical difficulties prevent a rigorous calculation of the partition 
function, either on classical or quantum lines. A simple model is proposed, which is 
really a generalization of the Bragg-Williama theory, enabling one to take account 
of the effect of a magnetic Add. The few conflgurations whose energies are known 
are used for flxing arbitrary constants in the general expression for the energy. The 
theory predicts that the state of lowest energy is either a spontaneously magnetized 
state or a state in which alternate rows of magnets point in opposite directions, 
according to the shape of the specimen. A sphere should not be spontaneously 
magnetized, but will be in an anti-parallel state at low temperatures, but spontaneous 
magnetization should appear in an ellipsoid with an oocentrioity greater than a 
certain oritioal value. The transition curve bounding the region in which the anti- 
parallel state is stable consists partly of a line of Curie points, which corresponds to 
the horizontal lino in the approximate diagram and partly consists of a line of points 
determining transitions of the first order, with a definite latent heat. This line is 
represented by a vertical line in the approximate diagram. The effect of shape on the 
properties of the specimen seems to be established experimentally, but it is difficult 
to make numerical predictions, owing to the rough nature of the theory. 


Seismic investigations on the Palaeozoic floor of East England. By E. C. 
Bullard, T. F. Gaskell, W. B. Harlai^d and C. Kebr-Obant. (Com- 
municated by Sir Oerald Lenox-Conyngham, F,R.8, — Received 29 September 
1939.) 

The depth of the Palaeozoic floor under part of East England has been investigated 
by the refraction seismic method. Records have been taken every 200 ft. along lines 
4000-8000 ft. long; such detailed shooting enables various sources of uncertainty in 
the results to be investigated. 

The interpretation of the seismic results required a more thorough knowledge of 
the contours of the Jurossio and Cretaceous than was available; the data from bore 
holes and outcrops have therefore been oolleoted and are presented in the form of 
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oontoured maps showing the depths of variouB horizons and the thicdraesses of rook 
between them. 

A map of the form of the Palaeozoio floor and a disoussion of its oonstitution are 
also given. The latter is baaed on a re-examination of the bore hole oorea and on the 
seismio velocities. 


The steady two«dlmenslofial flow of viscous fluid between plane walls. 

By L. Rosbnhead. {CommunicaJled by O. I. Taylor, F,R.8. — Received 2 
OcUAer 1939.) 

This paper considers the steady radial two-dimensional flow of viscous fluid between 
plane walls which either converge or diverge. A general solution is obtained in terms 
of elliptic functions and the various mathematically possible types of flow are dis- 
cussed. The problem is treated numerically and a, the semi-vertical angle between the 
walls, is plotted against R, the Reynolds number, for the various types of flow. 

The investigations show that for every pair of values of a and B the number of 
matheinatioally possible velocity profiles is infinite. The effect of increasing the 
Reynolds number in outflow is to exclude, progressively, more and more of the simpler 
types of flow. No such exclusion is introduced when R is increased in inflow. It is 
shown also that when n>a>^n pure outflow is impossible. The fluid must contain 
regions of outflow and inflow. Further, when n>a>ifr there is a range of values 
of small Reynolds number in which pure inflow is impossible. With increasing JR in 
pure inflow, and with small values of a, the velocity profile exhibits all the well-known 
characteristics of boundaiy layers near the walls and on approximately constant 
velocity across the rest of the channel. In pure outflow the flow becomes more and 
more concentrated in the centre of the channel as R is increased imtil finally regions 
of inflow occur near the walls. 

Speculative assumptions are introduced to suggest a plausible sequence of changes 
of the velocity profile os the Reynolds number is increased. 

The paper does not investigate the stability of the various types of flow. 


The effect of adaptation on aubjectlve brl^tness. By K. J. W. Cbatk. 
(Comnmnteated by F. G. BatrUtiU, F.R,8. — Received 3 OcMter 1939.) 

Subjeotive brightnesa has been investigated by binocular matching. The adapted 
response ''saturates" at lOOOe.f.c.; below this it decreases less rapidly than initial 
brightness in the proportion, roughly, of 1 : 2 on a logarithmic scale of stimulus 
intensities. Adaptation thus compensates subjective brightness for slow changes in 
illumination, perfectly above 1000 e.f.c. and loss perfectly below this. Hie adapted 
level of subjective brightness is relatively low; e.g. the initial brightness of 3 e.f.c. 
exposed to the dark adapted eye equals that of 15,000 e.f.c, to an eye adapted to that 
illumination. 

The duta on subjeotive brightness fit well into a photochemical theory of vision. 
The difflculties of accounting similarly for some of the features of brightness dis- 
crimination imder a fixed adapting illumination are discussed, and it is suggested 




Abstracts of Papers S 119 

that efifeots due to the neural system are superimposed on those due to the photo- 
ohemioal system, and that this neural system involves nerve*endinga of different 
types whose behaviour under a range of illuminations, denoted as the lower non- 
linear, linear, and upper non-linear or overload ranges, is better described in terms 
of their own excitability, adaptive and refractory -period oharaoteristics than in terms 
of the imderlying photochemical mechanism. 


The photodynamic activity of the tissues of mice treated with 3 : 4 benz- 
pyrene. By J. C. Mottram. (Ctmmunicakd by J, W. Cooky F.R,8 . — 
ceived 6 October 1939.) 

The photodynamic action of 3 : 4-benzpyrene on Paramoecium occurs in dilutions 
of the order of one part in a hundred million. By this means its presence has been 
looked for in the tissues of mice either painted or inoculated with this hydrocarbon. 
Apart from the site of its application it was fotmd to bo present only in the liver and 
the lungs. It is noteworthy that these are the only two sites apart from its place of 
application where tumours have boon observed to occur in mice treated with carcino- 
genic agents. It appears therefore that the reason why tumours occur in the liver 
and the lungs is because the hydrocarbon accumulates in these two tissues. 


The nature of the oestrogenic substances produced during the demethyla- 
tlon of anethole. By N. R. Campbell, E. C. Dodds and W. Lawson. 
{Communicated by Sir Robert Robinaony F.R.8, — Received 6 October 1939.) 

Demethylation of anethole by heating with potassium hydroxide and alcohol under 
pressure produces three oestrogenic substtincos of which one, produced in very small 
amount, is intensely active. These three have been isolated and identified, the most 
potent being 4 : 4^dihydroxy-y : ^-diphenyl-n-hexane. Synthtisos of these and of 
sovoral other dlliydro ditneridos of p-propenyl phenol are also described. 


The pressure -voltage characteristic of the Geiger-Muller counter. By 

W. Schaffer. {Communicated by J?. F. J* Schonlandy F.R.8, — Received 9 
October 1939.) 

An approximate quantitative theory of the starting potential of the Qeiger-Muller 
counter is given on the assumption that the replacement electrons am sot feee by the 
photo-electrio effect. The gas volume is divided into three coaxial regions; an inactive 
zone in which the electrons acquire too little energy from the field for excitation or 
ionization, an excitation zone, and a zone in which both excitation and ionization 
occur. The theory is applied to an experimental pressure -starting potential curve and 
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MtuHaotorily aocounte for the shape of the whole curve. It gives an approziinately 
ooneot value of the ionization potential of the gas and also gives reasonable and 
fairly consistent values for some other physical oonetants and for the ratios and 
products of such constants. The experimental procedure used to obtain the pressure* 
starting potential curve is briefly described. A discussion gives some evidence for 
the photo-electric theory of the discharge and riiows that» while the present work is 
by no means certain evidence for that theory^ it is sufficiently probable to merit 
further test. 


A new derivation of the quadratic equation for the maaaea of the proton 
and electron. By Sir Arthur Eddinqtok, F.R.S. {Received 10 October 
1939.) 

The paper <levolops an improvement of method which considerably simplifies the 
physical problems treated in RekUivity Theory of ProUme and Electrona. The main 
difference is that by making fuller use of the conception of degeneracy (arising firom 
B3nnmetry) the cumbersome treatment of volume-elements of phase space attached 
to the wave vectors is avoided. The various numerical coefficients appearing in my 
previous results are recognized as the weights of degenerate states. This makes them 
easier to handle in further developments* besides making them leas mysterious from 
the point of view of ordinary quantum theory. Before the degeneracy method could 
be employed it was necessary to formulate more precisely the connexion between the 
relativistic description of observables as relations between an object system and a 
standard physical environment (the comparison fluid) and the current quantum 
theory which ostensibly deab with the object system alone. This occupies the earlier 
part of the paper. 

The problem treated in detail by this method is the derivation of the equation 
10m*— 136mfii0+mQ* = 0 whose roots are the masses of the proton and electron. 


The masaea of the neutron and mesotron. By Sir Arthur Eddinotok* 
F.B.S. {Received 10 October 1939.) 

The devdopraent of relativistic quantum theory in an accompanying paper is 
applied to the neutron and mesotron. 

The excess of the mass of the neutron over the mass of the hydrogen atom is found 
to be 1*6 me* confirming a tentative derivation by H. O. W. Riohardim. Themagnetio 
moment is also found. 

The mass of the mesotron is fouxid to be 173-2 me. A rough indication of the life- 
time is given. 

Certain ooncluuons in regard to nuclear structure ore derived; in particular* 
mesotrons ate quifii distinct from Yukawa partides. 
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The neutrons from the disintegration of fluorine by deuterons. By T, W. 

Bonner. {Oomnmnieaied by J. D. Cockcroft, F.R.S. — Received 16 October 
1930.) 

The neutrons from the disintegration of fluorine by deuterons have been investi- 
gated by the method of observing helium or hydrogen recoils in a high pressure 
oloud-ohamber. Wlien taigets containing fluorine were bombarded with 950 kV 
deuterons# several groups of neutrons were observed. The disintegration Q values 
computed from the energies of the neutron groups are 10*80# 9*33, 0*62# 6*39, 3*53# 
1*84 and 0*74 MeV. The nuclear reaction appears to be (F^*, H”, Ne^# n^). The 
disintegration value Q =; 10-80 ± 0-20 MeV corresponds to a transition to the ground 
state of Ne*^ and smaller Q values indicate excited states in Nc*^ at 1*5, 4-2, 6*4, 
7-3, 9-0 and 10-1 MeV. Only a small fraction of the neutrons belong to the group of 
maximum energy. The excited states in Ne'^ at 5*4, 7*3, 9-0 and 10-1 MeV are unstable 
against alpha-particle emission and so they may break up into and an alpha- 
particle. The experimental width of the level in Ne^ at 10-1 MeV appears to be not 
greater than about 0-2 or 0*3 MeV. 


On aspects of animal locomotion. (Croonlan Lecture.) By J. Gray, F.R.S. 
{Received 17 October 1939.) 

The available facts appear to establish five main points: (i) To a surprising degree, 
normal locomotion is independent of the higher nervous centres, although in verte- 
brates the integrity of the medulla oblongata is essential for a display of full looo- 
motory activity. In some vertebrates the role of the medulla can be replaced by 
appropriate eleotrioal stimuli implied to the nerve cord, (ii) The type oMooomotion 
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diBplsyad by an animal can frequently be shown to depend upon the presence of a 
particular pattern of exterooeptive stimulation: one pattern is essential for ambula* 
tion, another for swimming or for flight, (iii) Few if any animals display co-ordinated 
motion when their central nervous systems are completely isolated from those 
patterns of peripheral stimulation which reach them under conditions of normal 
progression* It is, however, possible to restrict the receipt of this stimulation to a 
comparatively small amount of the total musculature taking part in the process of 
locomotion, (iv) When a vertebrate limb responds by flexion to passive stretch, each 
of the other three limbs respond by movements which bear an unmistakable re- 
semblance to normal locomotory co-ordination — although these latter limbs may be 
completely deafferentated. Reflex activity in one limb thus induces a wide spread of 
postural pattern within the central nervous system. These phenomena are not 
restricted to tetrapod vertebrates : they occur in fish, and in a variety of invertebrates, 
(v) Strong support is available for the conclusion that peripheral reflexes play a 
fundamental role in normal locomotion. Against this theory are certain facts which 
require further consideration. 


Statistical thermodynamics of superlattices. By R. H. Fowlsr, F.B.8. 
and E. A. GuGQKNifEm. {Received 19 October 1939.) 

This paper establishes the precise statistical basis of Bethe's method of discussing 
order-disorder phenomena in superlatiioes in Bethe’s first approximation. It shows 
that for cubic lattices of the type here considered, in which idl points of one super- 
lattice have as nearest neighbours points of the other superlattioe only, Bethe's first 
approximation is equivalent to the use of a method which we here call the quasi- 
chemical method. The quasi-ohemical method is an approximation which proceeds 
by assuming that the bond between any pair of nearest neighbours may be treated 
as if it were a chemical moleonlo, and the number of arrangements with given 
numbers of bonds as if the bonds did not interfere with each other. 

In the simple case considered, all the details of Betho’s method and the quasi- 
ohemical method and the approximation on which they are based, and the relation- 
ship between them, can be made perfectly explicit. There seems reason to hope that 
the greater power of these explicit methods may enable them to be applied success- 
fully for more complicated lattices, to which at present only the much rougher 
approximation of Bragg and Williams can be carried through. 


An experimental study of the transfer of excitation energy In solution. 

By A. H, Cabtbb and J. Wbiss. {Ctminunicated by Q, iJ. CUmOy F,R,8 . — 
Received 23 October 1939.) 

The transfer of electronic excitation energy in solution (primarily adsorbed from 
an external light source) has been investigated in the case of the photosensitized 
decomposition of oxalic acid by uranium salts. More detailed information about the 
mechanism of the energy transfer in this reaction has been obtained by studying it 
in the presmoe of substances (I”, Br~) which can act as acceptors for the excitation 
energy of the excited uranium ions. 
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Nefw experimental facts are presented which cannot be explained by any of the 
previously advanced theories. In particular there has been observed a change in the 
relative amounts of the decomposition products with varying concentrations of 
quenching substances and hydrogen ions present in the solution. In fact the net 
process of the photosensitized decomposition of oxalic acid cannot be represented 
by the equation: H 1 C 1 O 4 = CO+COi+HgO as baa been assumed often in the past. 
The experiments show the formation of formic acid and the oxidation of a certain 
amount of the oxalic acid to carbon dioxide, which must be taken into account. 
Under the moat favourable conditions not more than about 50 % of the oxalic acid 
is decomposed into carbon monoxide (according to the above reaction), whereas up to 
72% of the oxalic acid is decomposed into formic acid under suitable conditions 
(pH'^5). 

A theory is discussed based on the non-adiabatic electron transfer process between 
excited uranium ions and oxalate ions. This process constitutes the elementary 
process of quenching of fluorescence which is identical with the primary process in 
the photosensitizod reaction. The complex formation between the reacting ions is 
interpreted as a result of quantum mechanical resonance in this primary process. 

In connexion with the above investigation, the quenching of the uranium fluorescence 
by iodide ions and the elementary processes involved have been investigated experi- 
mentally and discussed on a similar theoretical basis. 


Theory of the vibrations of the sodium chloride lattice. By E. W. 

Kellbbman. {OommunicaUd byM, Bom^ P,RB. — Received 20 October 1039.) 

According to Bom's treatment of polar crystals tho frequency equation for a 
vibrating crystal contains in its coeffleionts lattice sums which are due to long-range 
Coulomb forces. Using a method developed by Kwald it has been possible to find a 
quickly convergent form of those sums. The general formulae for tho coeffleienta 
have been developed and a special application has been made to the case of sodium 
chloride. The ooeffleionts and also tho frequencies themselves have been calculated 
for forty-eight different states of vibration of tho crystal which are chosen in such a 
way as to make possible a fair survey over the whole frequency spectrum of the 
crystal. It appears that the purely electrostatic derivation of the general fonnulae 
for the coefficients does not give information about the cose of the residual rays. 
Tliis can only be obtained by taking account of the eloctrodynarnio boundary con- 
ditions, namely that the crystal as a whole must not emit radiation, which leads to 
the correct solution for tho frequency of tho residual rays. The formulae for the 
coefficients have also been used for the calculation of the elastic constants of sodiiun 
chloride. 


The torsional flexibility of aliphatic chain molecules. By A. MAllgh. 
{Cornmunicated by Sir WiUwfn Bruggi P.R.S. — Received 26 Octo6er 1030.) 

The dielectric polarization of two dikotones is measured in a temperature range 
inoludmg the melting points of the substances. The material under observation 
consists essentially of aliphatic chain molecules carrying two dipoles. In one sub- 
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stainoe, CjoHjiOi, these dipoles are situated on opposite sides of the chain axis and 
thus neutralize each other. In the other suhstanoe, CjiHmOi » the dipoles lie on the 
same side and therefore morease the dipole strength. From the polarization experi- 
ments it is concluded that in both oases considerable distortion of the chain molecules 
occurs in the temperature range near the melting points. 


Gytological studies in OenoUwra with special reference to the relation of 
chromosomes to nucleoli. By P. N. Bhaduiu. (Cfmmunica^ed by B. B. 
Oatea, PB.S. — Beceived 27 October 1939.) 

A comparative study of the relation of chromosomes to nucleoli has been made in 
nine species and one hybrid of Oenothera, The distinction between a satellited chromo- 
some and one with secondary constriction breaks down in Oenodtera, Both the con* 
stricted region and the appendage are well marked m moat of the species. The 
filament, like the appendage, is Feulgen positive. 

The chromosomes have been classified in some of the species according to their 
sizes, the situation of the primary constriction and the presence of secondary con- 
Btriotiona. An exact correspondence between the number of sooondary constrictions 
and the number of nucleoli has been established in each case. This number is four 
in ail the species except 0, anguatisaima vor. qaebecenaia where it is five. Determina- 
tion of the position of nucleolar chromosomes in the ring is important as a means of 
identifying chromosomes in the two complexes of a species. The presence of four 
nucleoli corresponding to fotir secondary constriotioiis in (a) heterozygous species 
with high chromosome catenation, such as 0, Lamarchiana, 0, Hazelae and 0. 
biformiflora and (b) homozygous species with seven free pairs, such as O. Hookeri 
and O. miaaotirienaia, proves tliat the presence of four nucleolar chromosomes is an 
older oharaotor than chromosome linkage. This supports the view that ring fonnation 
in Oenothera has evolved in the genus. That morphological changes of chromosomes 
can be brought about by segmental interchange is evidenced by the fact that at 
least one heteromorphic pair of Sat-ohromosomes in O. Lamarckiana has beoomo 
homomorphic in its mutant 0. blandina. There is variation in the sizes of the nucleoli 
in species and hybrids of Oenothera, 0, Lamarckiana has one very small, one quite 
big and two intormediato nucleoli, whereas in the homozygoias 0, blandina and 
O. Hookeri there are two distinct pairs of nucleoli. An unpaired condition of nucleoli 
in Oenothera therefore indicates hetorozygosity of the species. Proohromoaomes, 
which are Feulgen positive, have been observed in somatic cells of some species. 
The catenation of three species and nine interspecific hybrids has been determined. 
In a narrow-leaved trisomic mutation of O, Hazelae the fifteen chromosomes showed 
irregularities in catenation. 

The presence of four nucleoli corresponding to four secondary constrictions, the 
frequent presence of multivsdent chromosomes in the pollen mother cells of haploid 
and diploid plants, os well as the fetot that no common basio number is found in the 
family Onagraceae, indicates that the haploid number 7 in OenotAera is a derived 
number. On this assumption OenotAem species cannot, therefore, be looked upon as 
true diploids. 


ABSTBACTS 


OF PAPEBS COMMUNICATED TO 
THE BOYAL SOCIETY OF LONDON 

In acoonlance wlth a resolution of Council, summaries or abstracts 
of papers are to be published as soon as practicable. The publica- 
tion of such abstracts in no way indicates that the papers have been 
accepted for publication in any fuller form. These abstracts are 
issued for convenience with the ** Proceedings of the Royal Society 
of London** but do not form a part of the “Proceedings**. 


15 Dbobmbbb 1939 


Kinetics of the thermal decomposition of fully deuterated diethyl ether. 
By J. G. Davovd and 0. N. Hinsublwood, F.R.S. (Received 28 October 
1939.) 

A detailed attidy of the kmetios of the decomposition of Mly deuterated diethyl 
ether has been made. The results are disoussed and compared with those (already 
published in the Prooeedinffs) on the hydrogen ether. 


Rotational analysis of the first negative band spectrum of oxygen, II/ 

By T. E. Nbvin. (Communicaied by A. W. Cmway, — Beceived 

30 Octo6er 1939.) 

This is a continuation of work described in a previous paper on the structure of 
the first negative bands of oxygen. From an analysis of the (0, 0), (0, 1) and (1, 0) 
bands it was shown that the transition involved was the ^17 levels exhibiting 

an anomalous structure. The present paper gives an analysis of the (2, 0) and (0, 2) 
bands. This, in oonjunotion with the analysis in the previous paper, enables the 
vibrational oonatanta of the system to be exactly calculated. The *11 level v' = 2 
riiowB the same structure as the previously analysed levels and an empiriced formula 
is given which representa the separation of the oomponenta reasonably w^. A 
complete table of the molecular constants for the five bands is given. 
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On tlM evolution of the mammalian palate. By F. R. Pabrinoton and 
T. S. Wbstoix. {Communicated by J. Cray, F,R.8, — Received 31 October 
1939.) 

The direct evidence of palaeontology ahows that the Triaaaio Theriodonts poaseaaed 
vomera and palatine proceaaea directly comparable with thoae of mammala, and that 
these were developed from the reptilian prevomera and premaxillae reapeotively. 

It is claimed that there is no evidence to show that the structures evolved in the 
Theriodont nose were ever changed. 

It is shown that the fundamental assumptions on which the embryological evi- 
dence for the parasphenoid-vomer homology rest are quite untenabb in the light 
of the resulting conclusions; or when the embryology of the Chehnia is taken into 
account; or when other structures besides the paraseptal cartilages ckre used as 
guides. The whob theory therefore rests on an entirely unreliable basis. 

The embryological data can be interpreted more easily to fit the original **pre- 
vomer’*-vomer homology. 

The term “i)revomer’* b synonymous with vomer, and must lapse. 

The homology of any mammalian pterygoid element with the bteral wing of the 
reptilian parasphenoid is similarly analysed and shown to be orrdneous. 

The ** mammalian pterygoid** and ** Echidna-pterygoid’* of monotremes are shown 
to bo homologous reapeotively with the pterygoid and eotopterygoid of the Thorio- 
donts and other reptiles. 

The pterygoid of ditromatous mammab is found to include the homologue of 
the reptilian pterygoid; the eotopterygoid is occasionally represented separately, 
usually it b fused with the pterygoid. In some it may possibly be absent. 

The fate of the reptilian parasphenoid in mammab b discussed, and it is concluded 
that the element b probably reduced altogether in normal mammab. Median splints 
present in certain forms are regarded as true parasphenoid vestiges. 

The mutual relations of the pabte and lower jaw are considered, with special 
reference to musoubture and to changes in proportion. 


Properties of superconducting colloids and emulsions. By D. Suobnbbbo. 
{Communicated by J. D. Cockcroft, F.B,S, — Received 31 October 1939.) 

Magnetization curves of colloids and emubions of mercury are described which 
provide direct evidence for an appreciable penetration, increasing with temperature, 
of magnetic fields into small superconductors. From the temperature variation of 
XlXb* susceptibility ratio of a small to a leuge sphere, for a very fine colloid, the 
temperature dependence of the penetration depth A b deduced, in fair agreement 
with the results of Appbyard and others. Thb b used to transform the temperature 
dependence of xlXb* ^ emubion with r>A, into a curve of x/Xo against A/r, 
which b compared with a theoretical curve based on the London’s penetration law» 
suggesting that the latter b only qualitatively valid. The critical fields h of the colloids 
and emubions were larger than for bulk mercury, and it b shown how, together with 
t^ susceptibility data, they can be used to calculate the free energy difference per 
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unit volume between superoondueting and normal phases for a small sphere. The 
results suggest that this dififorenoe increases (if at all) by a factor of at moat 2 or 3» 
when the size is reduced from maorosoopio dimensions to 6 x 10** cm. The shape of 
the magnetization curves and various hysteresis features ore found to differ between 
a small and a large sphere, and these differences are discussed. 


On the statistical method In nuclear theory. By K. Fitchs. {Cammuni- 
ccUed by M. BorUy — Received 2 NovenAer 1930.) 

A generalization of the statistical method for the calculation of nuclear energies 
is given, which makes it possible to dispense with the Hartree approximation of 
independent wave functions. 

The two directions of the spin are considered separately and genored expressions 
for the energy of nuclei with any spin are derived. 


Calculation of nuclear energies and stability by the statistical method. 

By B. Spain. {Cimmunic/oded by JIf. Bom, — Received 2 Ntmmber 
1939.) 

Nuclear energies and radii arc calculated using the statistical method, taking into 
account the two possible spin directions; the interaction potentials of the various 
nuclear forces arc assumed to be proportional to ( A + a/r) exp ( -- rja). The results 
obtained are in good agreement with experiment. 

The stability of nuclei is also investigated, giving satisfactory agreement with 
experiment for odd nuclei, but for even nuclei the results are not so satisfactory. 
This seems to indicate that the statistical method does not emphasize sufficiently 
the difference between odd and even nuclei. 


Some measurements of energies. By S. C. Gubran, P. I. Dsn 
and J. E. Stbothebs. {Communiceded by J. D, Cockcrofty ilR.S . — 
Received 2 NovenAer 1939.) 

Using the method of semicircular magnetic focusing of sooondeuy electrons, it has 
been possible to construct an instrument which is suitable for the measurement of 
the quantum energies of y-radiation between the limits of about 0*5 and 16*0 x 10* eV, 
and which is capable of giving a reliable estimate of the relative intensities of tlie 
components of such radiation. The detecting system consists of three thin-waliod 
Ueiger-Miiller ooimters coupled to an amplifying system which records triple ooin- 
oidenoes. The construction of the apparatus is such that it may be used for the 
analysis of y-radiation emitted during bombardment of light elements by protons 
as well os that emitted from radioactive sources. 

The apparatus was standardized by using the y-radiation from the active deposit 
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ofthorium. Itaaoouraoybaving been ihuaestabliahedtitwaa used in the investigation 
of the y-radiation fyam the sources *^Na, ■*Mn» and **C1 and also the radiation emitted 
during the bombardment of fluorine by high energy protons. The results are tabulated 
below. 


Source 

“Na 

“Bln 

••a 


Quantum energies 
xlO^eV 
1-46; 2-0; 8-08 
0*91; 2-03 
1-66; 2-16 
6-5 


Relative intensitieB 
M7 : 0-27 : 10 
2-1 : 1-0 
3 : 4 


The p-ray spectrum of radium E. By G. J. Neaby, {Communicated by 
J. D, Cockcroft, FMM. — Received 2 November 1939.) 

The fi-Toy spectrum of Ra E has been investigated with a magnetic spectrograph 
of special design with a source on \yL aluminium and a counter window of 10^* 
Zaponlak. 

It is considered that the experimental results represent directly the distribution 
of particles from about 20 keV upwards without distortion from any cause. The 
energy curve has a maximum at 150 keV and on end-point at 1* 17 MeV» with a mean 
eneigy of 340 keV, in complete agreement with oalorimotrio determinations. The 
momentum curve has a maximum at Hp s 1800 G-cm. in satisfactory agreement 
with Flammersfeldp Hp = 1750 G-cm. The intermediate part of the K.U. plot is 
straight* the energy difference between experimental and extrapolated end-points 
being 0*55 on the other hand* the introduction of a finite neutrino mass does 
not bring about agreement with theory. The K.U. plot also falls below the straight 
line below 150 keV , and resembles some of the possible distributions for “forbidden" 
transitions* as given by Hoyle. 


The ovlpoaitlon behaviour of paraeltee of PbtUUa maeuUpcntdc Curt. 

By D. 0. LiiOyd. (Communicaied by W, B* Thompson, F.B.S. — Received 
8 November 1939.) 

An investigation is being made of the incidence in the laboratory and field of 
superparasitism and multiparasitism in the primary parasites of PhUeUa macuH- 
pennis Curt. The present paper deals mainly with laboratory experimental work on 
the three species — Diadmims ocUaris Grav.* Angi^ oerophaga Qrav.* and ApofUeks 
phUeUde Kurdj. 

From the experimental point of view* the problem of multiple parasitism is being 
regarded as a question of the nature of the ovipoaition responses of the various 
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parasites. The prooedure adopted is to ooriAne the female parasites i& tubes for a 
fixed time with a given number of boats and to observe the oviposition behaviour of 
the adult parrites, and in the subsequent development of the immature parasitea to 
note the effeots of competition. 

With Dicdrofnm oottoris the silken ooooon surrounding the pupa is important in 
securing maximum oviposition because of the posture adopted by the female in the 
oviposition act. Unparasitized hosts were more acceptable when histogenesis was 
in the early stages, but hosts parasitized in such stages were usually rejected by 
subsequent females. This rejection was very well defined in respect of pupae para- 
sitized by D. ooUom itself, or prepupM containing advanced stages of AngUia 
cerophaga^ and was exercised when such hosts were given to the females for numerous 
brief exposures. Superparasitism in pupae and prepupae ocourred only in oases 
where the host contained recently deposit^ eggs; multiparaaitism obtained when the 
XHodromiw female encountered prepupae containing early instars oiAngUia cerophagaf 
but oviposition in these conditions was restrioted. Experiments suggest that feeding 
in host contents is necessary for the full development of the gonads. 

The parasite A, eerophaga will attack all host larval instars and also occasionally 
prepupae in ooooons. Larvae containing eggs of first and second instars of A, osro- 
phaga were usually rejected when unparaaitized hosts were available; when para- 
sitized hosts only were given to the females, oviposition was limited. An ability to 
distinguish between unparaaitized host larvae and those containing eggs of Apantelea 
phUeUae was also observed. 

A* plfOellae oviposited in the first three host larval instars and tended to avoid 
parasitizing hosts containing immature stages of its own species or those of AngiHa 
cerophaga. 

Elimination of supernumerary larvae in supeiparasitism in Diadrtymiua eoUaria was 
usually by combat in the first and second instars. When present in a prepupa with 
an early inatar of AngUia eeroj^ioga neither species survived. Suppression of excess 
larvae in superparasitiam in A. ceraphaga and Apantelea plutellae was by physiologioal 
inhibition in the first instar. This also ocourred when specimens of both species were 
found in one host, but neither species appeared intrinsically superior if the eggs were 
laid within a short interval. • 

Some data on field parasitism in the first generation of the host in North Holland 
in 1939 are included. The details for supeiparasitism and multiparasitism support 
laboratory experimental work. 

The relation of the findings to biological control practice of introducing several 
primary parasitea of a given pest is briefly examincxl. 


Tables for elucidating the Internuclear vibrations of molecules and 
crystals. By A. C. Mbkzibs and K. Wbissbkbbeo, {Cammunieaied by 
C. 0. Dartoin, FM.8.—Beeeived 9 November 1939 .) 

Tables of syxnmoiry properties (including activity in the Raman effect and infra- 
red) ore described which apply to the internuclear oscillations of molecules, and to the 
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“homogeneGUB” or “lattice” oscillations of crystals. An explanation is given of 
use of the tables for separating the oscillations of crystals into “intemal” and 
“external” ones, and> in the case of the latter* into oscillations of a translational and 
of a rotational type. 

The fundamental normal modes are characterized by a numerical notation in 
place of the various alphabetic ones in use; this notation consists of seta of numbers 
(“mode numbers”) which are a condensed form of the representation of the funda- 
mental mode in the symmetry group. This allows the symmetry properties of com- 
binations to be calculated in a very simple way, and the rules for doing this are given. 
The overtones up to the sixtli are tabulated explicitly. 

At every stage examples are given to show how the tables can be used, and flnaUy 
the oscillations of the crystals of urea and ammonium nitrate are considered in detail. 


On the hardening of the cuticle in the ootheca of Btatia orfentefic. 

By M. 0. M. Pryoe. {Communicated by A. D. Imma, F.R.S. — Receimd 
13 November 1939 .) 

The series of reactions concerned in the hardening and darkening of the ootheca 
of BlaUa orientalia have been studied in the hope that they may throw some light 
on the hardening of the cuticle of insects in general. The ootheca is secreted by two 
glands, of which one secretes a water soluble protein, and the other a dihydroxy- 
phenol. After secretion the phenol is oxidized, probably by an enzyme, to the oorre- 
sponding quinono, which then combines with the protein by a reaction similar to 
that involved in the tanning of collagen by benzoquinone. This results in the intro- 
duction of primary valence cross linkages into the protein network, so that it becomes 
rigid and very resistant to all chemical reagents and enzymes. The protein of the 
mature ootheca is more stable than keratin, and represents a new type of solero- 
protein, for which the name “sclerotin” is proposed. 


On the hardening of the cuticle of insects. By M. G. M. Payor. {Com- 
municated by A. D, Imms, FR.S. — Received 13 November 1939 .) 

The hardening of the insect cuticle is due to the formation of a protein similar to 
that of the cockroach ootheca. A water soluble protein and dihydroxyphenol are 
secreted into the outer layers of the outide, and oxidation products of the phenol 
there react with the protein to form sclerotin. A similar reaction takes place in the 
epiouticle, which is secreted as a protein membrane and is subsequently “tanned” 
by the introduction of aromatic cross linkages. After it has been converted into 
Bolerotin in this way, the epiouticle is impregnated with lipids, which oxidize and 
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polymerize until they become insoluble in fat solvents. The outiole of the Crustaoea 
is like the epioutiole of insects in chemical composition, but differs in that the lipids 
aee less highly polymerized. 

The phenol which takes part in the reaction to form solerotin is probably dihy- 
drozyphenyl-acetio acid, or some very similar compound: the phenol in the blood, 
which is responsible for melanosis after death or at the site of injuries, will not react 
with proteins in otTro. and so cannot be directly concerned in the formation of 
sclerotin* The blood phenol appears to bo dthydrozyphenybalanine. which is trans- 
ported in the blood fh)m some organ in which it is synthesized to the cells of the 
hypodermis. whore it is de-aminated, and converted to the phenolic component of 
solerotin. 


On the natural frequencies of vibrating systems. By R. V. Southwell, 
F.R.S. (Received 15 November 1939.) 

On the basis of a theorem due to Lord Rayleigh and relating to the effect on the 
natural frequencies of an added mass, methods are developed whereby lower limits 
can bo imposed upon the frequencies of a specified system. Sinoo upper limits oan 
be imposed on the basis of Rayleigh's principle’*, information so obtained is for 
preu)tical purposes of equal value with an exact solution. 

The methods can bo applied as an extension of the ''relaxation” technique, and 
it is then that their value is revealed moat clearly. In this paper attention is confined 
to continuous systems governed by differential equations, and for these, inoidentally, 
a method is developed whereby specially close estimates of the fundamental frequency 
oan be made if desired. 

The concluding section of the paper is ooncemed with the rraolution of a paradox 
presented by liord Rayleigh’s theorem regarding the effect of a constraint. 


Hyperfine structure in the arc spectrum of bromine. By S. Tolansky 
and S. A. Trivedi. (Communicated by W, if. Curtis^ F,B.S. — Received 
21 November 1939.) 

Sixty -five classified lines of the Bn spectrum, lying in the region 8650-4350 A. 
have been investigated for hyperfine structure and analysed. It is confirmed that the 
nuclear mechanical and magnetic moments of both isotopes are the same. No isotope 
di^laoement is observed. Hyperfine structure interval faotom are derived for 
thirty-eight terms amongst which are seven complete multiplet groups. From the 
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hyper6ne Biruoture aaalysiB it haa been poesible to oorreot aome erroia in the multi- 
anaiyais. 

The coupling of the electron group with the nuoleiia ia lEdiown to be q[uite large. 
Thia group therefore behavea in a manner aimOar to that of the oorreaponding 5p^ 
group of iodine. 

The 4a* 4p* 6a *P| Wm exhibits deviation from the interval rule and thia aoeuratdy 
obeya the quadratic formula for the interaction which ariaea when the nuoleua haa 
an electrical quadrupole moment. The mteraotion formula for thia term ia 

E = 223 + i.471C'+017C(C+ 1) om.-i x 10-». 
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